Fast Maneuvering Spacecraft with
RCS and Single Gimbal CMGs

In this example we have a spacecraft that requires high precision pointing for optical
instruments, such as a telescope, or laser beam. The spacecraft Line-of-Sight (LOS) is along the
body x-axis and it is pointing at targets. It is pointed at a target for a period of time and then it
rotates to point at different target, and then another. The spacecraft is described as agile because
under normal operations it is constantly maneuvering between targets and the retargeting must
be completed as fast as possible. The on-board Attitude Control System (ACS) is operating in
different control modes depending on the circumstances. It uses a combination of RCS jets and
Single-Gimbal Control Moment Gyros (SG-CMG). In normal mode of operation, the ACS uses
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four Control Moment Gyros which provide high torque required for fast maneuvering between
targets. The CMGs use solar energy and they do not require fuel, they also provider smoother
operation than RCS. The spacecraft uses the RCS jets for momentum desaturation and also as
an ACS backup. It also has a fixed thruster engine for orbital maneuvering. The spacecraft
structure is flexible because of the solar arrays and other communication appendages that
require finite element modeling and detailed flex analysis. To further complicate the analysis,
there is also a propellant tank containing fuel for the main engine and the RCS jets. The
propellant sloshing inside the tank during orbital maneuvering affects the vehicle stability and
introduces oscillatory disturbances that require analysis because they may degrade the LOS
pointing accuracy.

The following analysis focuses mainly in the two main modes of operation, the RCS and the
CMG attitude control. We will develop several dynamic models for this flexible spacecraft,
design control laws and analyze the ACS stability and performance in various modes of
operation. The analysis begins with simple rigid-body models and it gradually becomes more
complex as we include structural flexibility and fuel sloshing dynamics. We also gradually
increase the complexity of the control laws, starting with a simple phase-plane 3-dof logic and
upgrading it to a 6-dof logic that provides simultaneous translation and attitude control. The
modified logic is also designed to reduce fuel consumption by pulse-width-modulating the RCS
jets. Other control ideas, such as, using blended CMGs and Reaction Wheels (RW), and
combined RCS with RW configurations are also evaluated.

In section 1 we use the Flixan program to prepare various flexible spacecraft dynamic models
that will be used in later chapters. Two sets of models are created using the “Flexible Spacecraft
FEM” program (FEM), and the “Flight Vehicle Modeling” program (FVP), and they are saved
in two separate folders. The modeling section can be skipped if the user is already familiar with
vehicle modeling in Flixan and may jump to the more interesting analysis sections. In section 2
we design and analyze the RCS system. We begin with a simple 3-dof phase-plane, combined
with a dot-product jet-selection logic, and gradually upgrade it into a more advanced logic that
minimizes fuel usage. The method is augmented to 6-dof by including also translational control.
In section 2.6 we develop a non-linear slosh model for a partially filled fuel tank. This model is
used for zero g or low g environment. It is combined with the spacecraft model and used to
perform stability analysis. In section 3 we develop the Max Energy, non-linear control law for a
4 SG-CMG array with a singularity avoidance algorithm and implement it in various simulation
models. Finally, in chapter 4 we present simulation models that demonstrate multi-mode
operations.



1.0 Preparation of the Structure Flexibility Models

Structural flexibility is an important factor to consider when analyzing stability and performance of
this spacecraft. It has solar arrays, antennas, and other appendages mounted on its relatively solid
bus structure that create low damped flex resonances which induce disturbances on the spacecraft
when they get excited by the spacecraft motion as it maneuvers around. This causes degradation in
LOS pointing, and jitter in optical imaging. Flexibility may also cause structural instability if not
filtered properly. In this section we are describing how to use the Flixan program to generate linear
models of the spacecraft that include structural flexibility and fuel sloshing. If you are already
familiar with the Flixan modeling process you may bypass this section and go to the more
interesting stuff in Section 2.

The first 46 structural modes of this spacecraft are saved in file “FlexSc_Rcs.Mod”. They were
obtained from a finite element modeling (FEM) program. The title of the modal data is “Flexible
Spacecraft with Solar Array, RCS and CMGs”. There is a block of data for each mode (resonance)
and there are 46 blocks of data. Each block contains the mode shapes and slopes of a particular
resonance at 19 vehicle locations (nodes). The first six modes are rigid-body modes at zero
frequency and they define the rigid-body motion of the spacecraft. We typically throw away the
first 6 rigid-body modes because we have our own rigid-body models which are more efficient. The
real structural modes start with mode number 7 which is at 0.5 Hz. Another important file for flex
model preparation is the nodes map, file “FlexSc_Rcs.Nod”, which describes the identity of the 19
structural locations (nodes) included in the modal data file, in the same order as they are listed there.
The map file is used in menus by the model preparation programs.
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1.1 Flex Models Created using the Flex Spacecraft Modeling Program

In this section we will describe the preparation of some of the flex spacecraft state-space systems
that will be used in the subsequent analysis sections. The systems are created from an already
existing finite elements model using the “Flex Spacecraft FE Modeling Program” from the Flixan
package. The files for this model preparation are in folder *...\Examples\Flex Agile Spacecraft with
SGCMG & RCS\Reaction Control System Analysis\(a) Flex Models from Spacecraft FEM”. This
folder in addition to the modal data and node files it contains also the spacecraft input data file
“FlexSc_FEM.Inp”, which contains the data for creating three spacecraft models using the Flex
Spacecraft FE Modeling Program. The three spacecraft systems are:

1. Arrigid-body model created from the first 6 modes of the FEM, which are rigid-body modes.
Its title is “Rigid-Body Spacecraft with RCS and CMG”.

2. A flexible spacecraft model that uses all 46 FEM modes, 6 rigid-body and 40 flex. Its title is
“RB+Flex Spacecraft with RCS and CMG”, and

3. A structural model only, which uses only the 40 flex modes, excluding the first 6 rigid
modes. Its title is “Flex Only Spacecraft with RCS and CMG”.

On the top of the input data file there is a batch data-set “Batch for the Flex Satellite with RCS and
CMGs” which is a short script of commands that automates the generation of the spacecraft
systems. The above batch creates the three spacecraft state-space systems, discretizes them using 5
msec sample rate, and converts them in Matlab format for the analysis that follows. Although the
data for creating the spacecraft models is already in file “FlexSc_FEM.Inp” and all you have to do
is run the batch file to create the models, in the following two sections we will demonstrate how to
create the input data-sets using both approaches: from the batch and also from scratch.

Creating the Systems in Batch Mode

To run the batch set, first start the Flixan program, go to folder “... \Flex Agile Spacecraft with
SGCMG & RCS\Reaction Control System Analysis\ (a) Flex Models from Spacecraft FEM”. Go to
“Edit”, “Manage Input Files”, and then “Process/ Edit Input Data”.

“# Flicsan, Flight Vehicle Modeling & Control System Analysi

Analysis Tools  Wiew Quad  Help

Manage Input Files . Inp) » Create or Edit Batch Data
Manage System Files (¥ Qdr) » Process | Edit Inpuk Data

From the following dialog select the input file “FlexSc_FEM.Inp” and press the “Select Input File”
button. The menu on the right shows all the data-sets that are saved inside the input file. Select the
top batch set: “Batch for the Flex Satellite with RCS and CMGs”, and click on “Execute/ View Input
Data”.



Process Input Data Files

Paint to an Input D ata Filename .
and Click"Select Input File" The following sets of input data are in file: FlexSC_FEM.inp Exit
FlexSC_FEM.inp Pun Batch Mode : Batch for the Flex Satellite with ECS and CMGs
" Flex Spacecraft : Rigid-Body Spacecraft with BCE and CMG
S Flex Spacecraft : EB+Flex Spacecraft with RCE and CHG
Flex EZpacecraft : Flex Only Spacecraft with RCE and CHNG
g-Z-Transform : Pigid-Body Spacecraft with RCS and CMG {(Z-Transf)
S-Z-Transform : PB+Flex Spacecraft with RCS and CHMG (E-Transf)
g-Z-Transform : Flex Only Spacecraft with RCS and CMG (E-Transf)

To Matlab Format : Rigid-Body Spacecrafc with RCE and CHMG

To Matlab Format : PBE+Flex Spacecraft with BCE and CHG

To Matlab Format : Flex Only Spacecraft with BCE and CMG

To Matlab Format : Bigid-Body Spacecraft with BCS and CMG (Z-Transf)
To Matlab Format : BE+Flex Spacecraft with RC3 and CMG (Z-Transf)

To Matlab Format : Flex Only Spacecraft with BCS and CMG (Z-Transf)

Select Input File | Edit File
Execute/ View Input D ata
Delete Data Set in File
Fielocate Diata Set in File
Copy to Anather File

The Flixan program executes all the data-sets which are called by the batch and saves the spacecraft
systems in file “FlexSc_FEM.Qdr”. It also creates Matlab function m-files of the same systems that
can be loaded into Matlab. Click “Exit” to end the Flixan program.

Proce np FEVE

Faint ta an Input Data Filen. N
and Click"Select Input File" BeE! D e

FlexSC_FEM.inp Flex Spacecraft : Rigid-Body Spacecraft with BCS and CMG
Flex Spacecraft : RB+Flex Spacecraft with BCS and CMG
Flex Spacecraft : Flex Only Spacecraft with BCS and CHMG
5-Z-Transform  : Rigid-Body Spacecraft with RCS and CMG (Z-Transf)
5-Z-Transform  : RB+Flex Spacecraft with ECS and CMG (Z-Transf)
5-Z-Transform : Flex Only Spacecraft with BCS and CMG (Z-Transf)

To Matlab Format : Rigid-Body Spacecraft with BCS and CMG

To Matlab Format : RB+Flex Spacecraft with BRCS and CMG

To Matlab Format : Flex Only Spacecraft with BCS and CMG

To Matlab Format : Rigid-Body Spacecraft with RCS and CMG (Z-Transf)
: BB+Flex Spacecraft with RCS and CMG (Z-Transf)

To Matlab Format : Flex Only Spacecraft with RCS and CMG (Z-Transf)

Select Input File | Edit Fi

Executes View Input D at.

Delete Data Set in File

Relocate Data Set in File
Copy to Another File
iew Data-Set Comments

The Matlab function (a,b,c,d) files created are:

1. (rb_spacecraft_fem_s.m) which contains the system “Rigid-Body Spacecraft with RCS and
CMG”.

2. (rb_spacecraft_fem_z.m) which contains the system “Rigid-Body Spacecraft with RCS and
CMG (Z-Transf)”.

3. (flex_spacecraft_fem_s.m) which contains the system “RB+Flex Spacecraft with RCS and
CMG”.

4. (flex_spacecraft_fem_z.m) which contains the system “RB+Flex Spacecraft with RCS and
CMG (Z-Transf)”.



5. (flex_only_fem_s.m) which contains the system “Flex Only Spacecraft with RCS and
CMG”.

6. (flex_only_fem_z.m) which contains the system “Flex Only Spacecraft with RCS and CMG
(Z-Transf)”.

Creating one of the Systems from Scratch

To create one of the systems from scratch, we must first start the Flixan program, then go to folder
“... \Flex Agile Spacecraft with SGCMG & RCS\Reaction Control System Analysis\ (a) Flex Models
from Spacecraft FEM”, go to “Analysis Tools”, “Flight Vehicle/ Spacecraft Modeling Tools”, and
then to “Flex Spacecraft (Modal Data

Select a Project Directory

| ntrol Syskem Analwsisiia) Flex Models From Spacecraft FEM |

| Dacs -
= ol )
[=1-{5) Reaction Cantral Syskem Analysis

=N () Flex: Models Fram Spacecraft FEM

{53 Matan

|53 b3 Flex Madels fram Flight Wehicls Prograr 0

|53 ) MonLin RigBody RCS Attitude Contral

(53 i) RS Attitude Contral with Flex

|53 (&) Min Fuel RCS Contral 3-Rat Flex

=3 0F Min Fuel RiCS Control 6-daf Flex

|53 {3) ManLin RE+Flex RCS Attibude Cantral

7= kY Maervibinn Fomekioen Ansbocic —

*

| .S

[ ok ] [ Cancel

%= Flicsan, Flight Yehicle Modeling & Control System Analysis

File Edit BEGEH wleM iew Quad  Help
Flight YehiclefSpacecraft Modeling Tools Flight vehicle, State-Space
Frequency Control Analysis Ackuator State-Space Models
R.obust Control Synkhesis Tools Flex Spacecraft (Modal Data)
Creating and Madifving Linear Syskems Create Mixing Logic) TWC
Trim Skatic Perfarm Analysis
Flex Mode Selection

Then we must select the input data file where we are going to save the spacecraft data and output
system file that contains the state-space systems. Select or create the files “FlexSc_FEM.Inp” and
“FlexSc_FEM.Qdr”, and click on “Create a New Input Set”, assuming that we want to create a new
set of spacecraft data.



Enter a File Mame containing Enter a File Mame containing
the Input Data [=xx.1np) the Guadruple Data (= Gdr]
FlexSC_FEM.inp |FlexSC_FEM.Qdr
M ewFile. lnp MewFile. Gdr

| Create Mew |nput Set | | E it Program | | Select Files |

The following dialog is used to define the number of spacecraft excitation and measurement
locations. We first define the spacecraft system title “RB+Flex Spacecraft ...”, 16 force excitation
points for RCS jet forces etc, 3 torque excitation points for the CMG (roll, pitch and yaw) torques, 9
translation measurement points for accelerometers, and 12 rotational measurements for ACS gyros
and other LOS sensitivity measurement points. We also select the modal data and the nodes
filenames “FlexSc_FEM.Mod” and “FlexSc_FEM.Nod”, which are already inside the folder. We
finally write some notes in the field at the bottom. Notes for our own convenience and book-
keeping that will be included as comments below the title in the data sets and in the systems file.

Input Data for the Flexible Spacecraft System

Enter the fallowing info |RB+FIE)( Spacecraft with RCS and CMG

Murnber of Input Force Excitation Points Select a Modal Data File Select a Nodes Map File Select an H-Parameters File

Mumber of Input T orque E xcitation Points m
Murnber of Tranglation Measurement Points Continue
Mumber of Botation Measurement Paoints

Enter gome comments regarding the new Flexible Spacecraft system

Thiz Flexible Spacecraft haz 12 RCS jets. one Reboost Thruster Engine, 3-axiz CME torque. one Attitude (MU Sensar [#.y.2]. three Rate Gyro Sensars [xp.2), and
wo accelerometers [.y,z). Node #7 iz a fuel slosh mode to attach the pendulum model.

The next step is to define the excitation and measurement points in terms of nodes that correspond
to the FEM data and also to define force or measurement directions. The nodes map file appears in a
menu form to assist the user in selecting locations for the number of points defined, starting with the
force excitations. Force #1 corresponds to RCS jet #1 (Back/ Right —Y +Z) which is at node #8 and
its thrust direction unit vector is (x=0.01, y=-0.92, z=0.39). Continue defining the 16 force
excitations. Force excitation #5 corresponds to RCS jet #5 (Front/ Right =Y +Z) which is at node
#12 and its thrust direction unit vector is (x=0.08, y=-0.72, z=0.69). Similarly we define force #12
to be jet #12 (Back/ L Axial +X) at node #19 with a thrust direction unit vector is (x=1, y=0, z=0).
Force #13 is the reboost engine force at node #5 firing in the (1, 0, 0) direction, and so on. Force
excitations #14, #15 and #16 are at the tank center node #7, along X, y, and z respectively. Press
“OK” every time to continue with the next excitation point.



%= Define Locations and Directions of the System Inputs

Define a Direction Yectar for Force Excitation 1 0.100E -1 1920 0,390 oK
alang =2

Select a Location [Mode] for Farce Escitation ; 1 Cancel
Pointing Antens 1 1 —Z.9379
Attitude, Rate, Accelerom Sensor z z &. 5334
L point on the Solar Array 3 3 —-3.3379
Solar Array Hinge 4 4 E.Z7E4
Behoost Engine Thruster 110 (1h) 3 3 -1z.1463
Single-Gimbhal Contrl Momnt Gyros Loc & & -4 3545
Fuel Tank Center Location 7 7 -&. 7713

lack M Bight

BCE Jet Back/Left +T +E Z (lb} 3 3 -10.25304
BCS Jet Front/Bight -T -2 £ {1k} 10 10 1z 5423
BECS Jet Fromk/Left +7 -Z Z {1k} 11 11 1z 6423
BCS Jet Front/Right -T +2 Z {1lb) 1=z 1=z 13,3204
BCS Jet Front/sLeft 47T +2 £ (1lb} 13 13 13 3204
BCE Jet Fromt/ /R Axial =X Z (lb} 14 14 14,0871
BCS Jet Front/L &xial -X £ {1k} 15 15 14 0871
ECS Jet Back/Right -T -Z Z {1k} 1 1 -10._4546
ECS Jet Back/Left 17T -2 £ {1k} 17 17 -10._4546
ECS Jet Back/ R Axial 3 Z {1k} 1= 1= -1z 1E1%
BCES Jet Back/L Axial +H Z (lb} 13 13 -lE.1E813

== Define Locations and Directions of the System Inputs

Define a Direction Vectaor for Force Excitation : 5 L B00E -0 1720 0530 Ok,
along =02

Select a Location [Mode] for Force Excitation : 5 Cancel
Pointing Antena 1 1 —Z.9373
Attitude, Rate, Accelerom Sensor z Z 6. 5334
L point on the Solar Array 3 2 —-3.3373
Solar Array Hinge 4 4 L_Z7E54
Eeboost Engine Thruster 110 (lb) E L —1lZ.1463
Single-Gimhal Contrl Momnt Gyros Loc & = -4 . 3546
Fuel Tank Center Location 7 7 -5, 7713
BCE Jet FacksRight -T +Z Z (1lb} 2 E=] -l0.8304
BECS Jet Back/Left 1T +2 2 (1bi 9 = —-1l0.8304
BECE Jet Front /Bight -T -2 Z (1lh) 10 10 1Z. 6429
BCE2 Jet Front/Left +7 -Z Z (lb} 11 11 1E.

=t Front /Right

BECS Jet Front/Left +7 +E2 Z i1lb) 1z 1z 13.
BCE Jet Front/R Axial =X Z (1lb} 14 14 14.
BCS Jet Front/L Axial -X 2 (lhg 15 15 14.
BECS Jet Back/Bight -T -Z Z i1lb) 1 1e -10.
BCE Jet Back/Leit +T -E Z (1lb} 17 17 -10.
ECE Jet Back/R Axial +3 2 (lhg 13 1= -1z
ECS Jet Back/L Axial + Z i1lb) 13 13 -1z




%= Define Locations and Directions of the System Inputs

Define a Direction Yector for Force Excitation : 12 1.00 .00 0.00 0k
along =,z

Select a Location [Mode) for Force Excitation : 12 Cancel
Pointing Antena 1 1 —Z£.3379
Attitude, Bate, Accelerom Sensor z z & L5334
4 point on the Solar Array 3 3 -3 3373
Solar Array Hinge 4 4 L. E7E4
Beboost Engine Thruster 110 (1b) 1 5 -1Z_1483
Single-Gimhal Contrl Momnt Gyros Loc & & -4 _ 2546
Fuel Tank Center Location 7 7 -5.7712
ECE Jet Back/Right -¥ +2 £ (1b) 2 g -10_8904
RCE Jet Back/Left +¥ +Z2 £ (1b) 9 9 -10_8904
ECE Jet Front/Bight -T -Z Z (1b} 10 10 1Z_&4Z29
BEC3 Jet Front/Left +¥ -Z Z {1lhb} 11 11 1Z_&4Z29
BEC2 Jet Front/RBight -T +Z Z {1lh} 1z 1z 133204
LCE Jet Front/Leift +7 +Z Z {1k} 1z 13 13 2E04
LCE Jet Front/ B Axial -X Z {1k} 14 14 14_ 0871
BECE Jet Front/L Axial -X £ (1b) 158 1kE 14_ 0671
ECE Jet Back/Right -¥ -=Z Z (1b} 1& 18 -10_4E545
REC3 Jet Back/Left +7 -Z Z {1lhb} 17 17 -10_4E545
BEC3 Jet Back/R Axial +H Z (1lh)} -12_1213

Back/L Axi

%= Define Locations and Directions of the System Inputs

=
L0 ]

Define a Direction Yector for Force Excitation : 13 1.00 0.00 000 OE,
along =02

Select a Location [Mode] for Force Escitation : 13 Cancel
Pointing Antena 1 1 —-Z_9373
Attitude, PBate, Accelerom Sensor Z Z 6. 5334
A point on the Solar Array 3 3 —-3_.3373
Solar Array Hinge 4 4 L.z7k54
Behoost Engine Thruster 110 (1hk) I I

Single-Gimbal Contrl Momnt Gyros Loc & & -4 _3L546
Fuel Tank Center Location 7 7 -&_771l3
RECS Jet Back/Bight -¥ +Z2 Z (lb; g g -1l0.8304
BECS Jet Back/Left +¥ +Z £ (1lbhj = = -1l0.8304
RECS Jet Front/Right -¥ -2 Z (lb; 10 10 1z _ 5429
RCE Jet Front/Left 4% -2 £ (1lbhj 11 11 1z_ 5429
BECS Jet Front/Right -¥ +Z2 Z (lb; 1z 1z 13.3z04
RECE Jet Front/Left 4% +2 £ (1lbhj 1z 13 13.3zZ04
BECS Jet Front/ /B Axial -X Z (lb; 14 14 14_0&71
RECE Jet Front/L Axial -X £ (1lbhj 15 1& 14_ 08571
RCS Jet Back/Right -Y -2 Z (1lb; 15 15 -10.454¢8
BECS Jet Back/Left +7 -Z £ (1lbhj 17 17 -10.4546
RCS Jet Back/R Axial + Z (1lb; 15 15 -12_1Z13
BECE Jet Back/ /L Axial + £ (1lbhj 13 132 -1z_1Z13
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We must also define locations for the 3 torque excitation points define. They correspond to the 3
CMG torques, about the X, y, and z directions. They are all at node #6. For example torque
excitation #3, shown below, corresponds to the yaw CMG torque which is at node #6 in the (x=0,
y=0, z=1) direction. Press “OK” to define the next point.

= Define Locations and Directions of the System Inputs

Define a Direction Vectaor for Torque Excitation: 3 0.00 0.00 1.00 0
along ..z

Select a Location [Made) for Torque Excitation: 3 Cancel
Pointing Antena 1 1 —Z£.9379
Attitude, Bate, Accelerom Sensor z z 6. L3304
LA point on the Solar Array 3 3 —-3.3379
Solar Array Hinge 4 4 L. 2754
Beboost Engine Thruster 110 (1) 5 E -1z.1463
Single-Gimbal Contrl Momnt Gyros Loc ] =

Fuel Tank Center Location 7 7 -&_771l3
BCE Jet Back/Right -T +=2 £ (1h) =] g -10_&304
BCE Jet Back/Left +T +E £ (1h) 2 3 -10_&304
BCE: Jet Front/Right -T -=2 £ (1h) 10 10 1z _g&4z3
BCE: Jet Front/Left +7T -=2 £ (1h) 11 11 1z _g&4z3
BCE: Jet Front/Right -T +=2 £ (1h) 1z 1E& 1z 3204
BCE: Jet Front/Left +7T +=2 £ (1h) 1z 13 1z 3204
BCS Jet Front,/P Axial -X Z (1b) 14 14 14 _ 0671
BCS Jet Front,/L Axial -X Z (1b) 15 15 14 _ 0671
BCS Jet Back/Right -T -Z2 Z (1b) 16 16 -10_4545
BRCS Jet Back/Left +7T -2 Z (1b) 17 17 -10_4545
BCS Jet Back/ /PR Axial +: Z (1b) 15 1a -12_1Z13
BCES Jet Back/ /L &Axial + Z (1bi 145 13 -1Z_1Z13
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The next step is to define the 9 translational measurement points defined. For example, translational
sensor #1 is defined to be an accelerometer at node #2 measuring in the x direction. Translational
sensor #2, shown below, is defined to be an accelerometer at node #2 measuring in the y direction.
Translational sensor #3 is defined to be an accelerometer at node #2 measuring in the z direction.

Define Locations and Directions of the System Outputs

Select a Location [Made) for Tranzlation Sensar 2
Pointing Antena 1 1 —Z£.9373
Attitude, Pate, Accelerom Sensor Z z 5. L33
4 point on the Solar Array 2 3 -3.3373
Bolar Array Hinge 4 ! L. 2754
Beboost Engine Thruster 110 (1lb) = E -1z. 1463
Bingle-Ginbkal Contrl Momnt Gyros Loc = [ -4 3Ldg
Fuel Tank Center Location 7 7 -6. 7713
BCS Jet Back/Pight -Y +Z Z 11k =] g -1lo.25304
BCS Jet Back/Left +T t+2 Z 11k a 3 -1lo0.2504
BCE Jet Front/Right -T -2 £ (1by 10 10 12. 6429
BCE Jet Front/Left +7 -2 £ (1bh) 11 11 12. 6429
BCE Jet Front/Bight -T +2 Z 11k} 1=z 1z 133204
BCS Jet Front/Left +7 +2 Z (1b) 13 13 133204
BCS Jet Front /P Lxial -X Z (1b) 14 14 14 0571
BCS Jet Front/L Axial -X Z 11k 15 15 14 0571
RCS Jet Back/ Bight -Y -Z £ (1by 1& 1& -1l0._454¢5
BCE Jet. Back/Left +T -2 £ (1bh) 17 17 -10.4545
BCS Jet Back/ P Axial +3 Z 11k} 15 15 -12_ 1213
BCS Jet Back/L Axial + Z (1b) 15 13 -1Z_ 1213
Senzor Direction Senzor Type
Defi A Select
efine a Direction Yector for Alang-
Tranzlation Sensor 2 and alzo what
tupe of measurement AlongZ
Cancel
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Similarly, the translation sensors #4, #5, and #6 are at node #4, the solar array hinge, measuring
accelerations along the x, y, and z axes.

Define Locations and Directions of the System Outputs

Select a Location [Mode] for Translation Sensor 4
Pointing Antena 1 1 —£.9373
Attitude, PBate, Accelerom Sensor z z 5. 5334
A point on the B2olar Array 3 3 -3_.3373
Solar Array Hinge 4 4
Peboost Engine Thruster 110 (1lb) L 5 -lz._ 1463
Single-Gimbal Contrl Momnt Gyros Loc [ [ -4 _3548
Fuel Tank Center Location 7 7 -5 7713
ECE Jet BacksRight -7 +=2 Z (1lb) g g -1l0.23904
ECE: Jet Back/Left +T +Z2 Z (1h} 2 2 =10._2504
ECS Jet Front,/Bight -T -Z Z (1b} 10 10 1z_ 5423
ECS Jet Front/Left +7 -2 2 (1lb) 11 11 1z 6429
BCE: Jet Front,/Bight -T +Z Z 11k} 1z 1z 1332204
ECS: Jet Front,/Left +%7 +Z Z (1h} 13 13 13_3204
ECE Jet Front/ R Axial -X Z (1lb) 14 14 14 _ 0571
BCS Jet Front/L Axial -X Z 11k} 15 1k 14 0671
ECE: Jet Back/Bight -¥ -Z 2 (1h} 1& 16 -10._4545
ECS: Jet Eack/Left +T -Z Z (1lb) 17 17 -1l0.4545
BECE: Jet Back/P Axial +i Z (1lb) 1= 1= -lz.1:21%
ECE: Jet Back/L Axial +: Z (1h} 15 13 -1z_ 1213
Senzor Direction Sengzor Type
Defi Direct — Select
efine a Direction Yector faor Position
Tranzlation Senzor 4 and also what | Alongy Welooit
tppe of measurement Along2
Cancel

Similarly, the translation sensors #7, #8, and #9 are at node #7, the fuel tank center, measuring
accelerations along the x, y, and z axes. These locations are needed for coupling the spacecraft with
the slosh model.
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Finally, we must define the 12 rotational sensor points. Rotational sensor #1, see below, is at the
navigation base at node #2 and it is measuring roll attitude. Similarly, rotational sensors #2 and #3
are also at the navigation base node #2, and they are measuring pitch and yaw attitude.

Define Locations and Directions of the System Outputs

Select a Location [Mode] for Rotational Senzor: 1
Pointing Antena 1 1 —-Z.9373
Attitude, Pate, A zZ zZ
A point on the Solar Array e e —-32.3373
Solar Array Hinge 4 4 L_E7E4
Peboost Engine Thruster 110 (1lbh) 5 5 -1Z._14532
Single-Gimhal Contrl Momnt Gyros Loc & & -4 2546
Fuel Tank Center Location 7 7 -5 7713
BCS Jet Back/Right -Y +Z Z 11k =2 =2 —-1l0.2304
BECE Jet Back,/Left +T +2 Z (1lb) 2 2 —-10.25304
BECE: Jet Front/Right -¥ -Z Z (1lh) 10 10 1z_ 54259
BCE: Jet Front/sLeft 47 -Z Z 11k 11 11 lz. 56429
BCE Jet Front /Right -T +2 Z (1lb) 1z 1z 1332204
BEC: Jet Front/Left 4% +2 Z (1lh) 13 13 13. 3204
BCE: Jet Front/ B Axial -X Z 11k 14 14 l4. 0571
BCES Jet Front/ /L Axial -X Z (1lb) 1E 1E 14 _0&71
BECE: Jet Back,/Bight -Y¥ -Z Z (1lh) 1a 1a —1l0_4548
BCE Jet Back/Left +T -2 Z 11k 17 17 —1l0. 4546
BCE: Jet Back,R Axial +: Z (1h) 15 15 -1Z.1213
BEC: Jet Back/L Axial +3 Z (1lh) 15 15 -12_1Z13
Senzor Direction Senszor Type

Define a Direction Yector for Select

Foatational Senzar: 1 and alzo what | Pitch Velocity

type of measurement Yaw Acceleration

Cancel
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Rotational sensors #4, #5 and #6 are also at the navigation base at node #2 and they are measuring
roll, pitch, and yaw rates at that location.

Define Locations and Directions of the System Outputs

Select a Location [Mode] for Rotational Sensaor: &
Pointing Antena 1 1 —-£.3379
Attitude, Bate, Accelerom 5 z Z 5. L3
A point on the Solar Array 3 3 33379
Solar Array Hinge 4 4 L2754
Behoost Engine Thruster 110 {1k} E = -1z.1463
Single-Gimbal Contrl Momnt Gyros Loc & = -4 _ 3L5de
Fuel Tank Center Location 7 7 -&._ 7713
BCS Jet Back/Right -Y +2 Z (1h) a2 a2 -1l0_2904
BCE Jet Back/sLeft +T +2 Z (1lbk} 2 9 10,8304
BCE Jet Front,/Bight -7 -2 z (1h) 10 10 1z 6429
BCS Jet Front,/Left +%¥ -Z Z (1h) 11 11 1z 6429
BCES Jet Front,/Bight -7 +2 Z (1h) 1z 1z 1322204
BCE Jet Front/Left +1 +Z2 Z (1lbk} 1z 1z 13 3z04
BCE Jet Fromt /B Axial -X z (1h) 14 14 14 0671
BCS Jet Front,/L Axial - Z (1h) 1L 1t 14 0671
BCE Jet Back /Bight -T -Z Z (1lbk} 1& 1& -10. 4546
BCE Jet Back/Left +T -Z z (1h) 17 17 —-10. 4548
BCE Jet Back/ PR Axial +: z (1h) 1z 1= -1z.121%
BCS Jet Back/ /L Axial +: Z (1h) 19 19 -1lz_1213
Sengzor Direction Senzor Type
Defi A — Select
efine a Direction WYector far Foall Position
Rotational Sensar: & and alzo what
type of measurement aw Acceleration
Cancel
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Rotational sensors #7, #8 and #9 are at the pointing antenna at node #1 and they are measuring roll,
pitch, and yaw rates at that location. Similarly, rotational sensors #10, #11 and #12 are at the solar
array hinge at node #4 and they are measuring roll, pitch, and yaw rates at that location.

Define Locations and Directions of the System Outputs

Select a Location [Mode] far Raotational Senzor: 7
Pointing Antena 1 1
Attitude, Bate, Accelerom Sensor z z 5. 5334
A point on the Solar Array = = —-3.3373
Solar Array Hinge 4 4 L. 2754
Bebhoost Engine Thruster 110 (1lb) L L —1Z2.1463
Bingle-Gimbal Contrl Momnt Gyros Loc & & -4 _ 3L4E
Fuel Tank Center Location 7 7 -&6_.7713
BCS Jet Back/Pight -7 +Z Z 1k} = = =-1l0.23204
RECE Jet Back/Left +T +E Z (1by 2 2 =-10.2904
BECE: Jet Front/Bight -T -Z Z [1b) 10 10 1z 6429
BCE: Jet Front/Left +7 -2 Z 1k} 11 11 lz_E4z29
BCE Jet Front,/RBight -T +2 Z (1by 1z 1z 13.3Z04
BCS Jet Front/Left 4% +2 Z [1b) 13z 13z 133204
BCE: Jet Front /P Axial -X Z 1k} 1l 1l la_ 0571
BCE Jet Front/L Axial -k Z (1by 1k 1k 14 0871
BECE: Jet Back/Right -7 -Z Z [1b) la la —10_4546
BCE: Jet Back/Left +7T -2 Z 1k} 17 17 -1l0.4546
BCE Jet Back/R Axial + Z (1h) 1z 1z -1z.1213
RCE: Jet Back/L &Axial + Z [1b) 13 13 -12_1Z13
Senzor Direction Senzor Type
Defi A — Select
efine a Direction Wectar for Positian
Hatational Senzor: 7 and alzo what | Pitck
tupe of measurement ' ai Acceleration
Cancel
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Now that we have defined the excitation and measurement points on the spacecraft the next step is
to select some of the flex modes. The program is now ready to perform a mode selection operation,
and to choose or allow the user to choose some of the most dominant flex modes. This operation,
however, is not important for us right now because we want to include all 46 modes in our model,
but we still have to go through a dummy selection process. This operation will also rescale the
modal data which are in units of inches originally. From the following menu we choose to compare
the modal strength of all modes (from 1 to 46), and we must also choose a few excitation points and
a few sensors for the dummy mode selection. Choose the graphic option, and click “OK”.

“= Select Range of Modes, Number of Yehicle Locati... E|

'ou must defing same points on the lex model where excitation forces
and tarques are applied to the stucture, and the direction axiz. 'ou mst
alzo define paint: where maotion [rotational or tranzlational] is sensed and
alza the zenzing direction.

Compare Strength Between  Mode: and Mode

Mumber of Excitation Points, Forces: | 1 Torgues 1
| 1 o

Mumber of Senzor Pointz, Translations: Ruotationz

Mode Selection Process

Automatic ar Manual Autornatic
uzing the Bar Chart

Mumber of todes to be

Selected 12

Introduction
Cancel | Re-5cale the Modal Data to Match Model | Cortinue |

The Modal D ata computed fram a Finite Elements Model are not neceszanly in the zame
unitz az the Flight Wehicle Model and neither are the axes. In fact the unitz uzed by M astran
are [inches] instead of [feet]. The General Mass, for example, may be in [lb-sec™240) and it
must be multiplied by 12 ta convert it ta [lb-sec™2t) or the Slopes must be multiplied by 12
to be corverted to [rad/Aft). Alzo, the direction of the # awiz used by the stucture enginesrs
iz toward the back of the vehicle, opposzite to the flight direction, and £ i1z up ingtead of
towward the pilot's feet az uzed by [GMNEC]. Thiz option can be uzed o modify the zelected
modal data, the modes that will be integrated with the rigid vehicle model, zo that their unitz
are compatible.

Ok

In the following question dialog answer “Yes” to modify the data, and in the next dialog keep the
defaults which will rescale the system from units of (inches) to units of (feet). It will also reverse
the x and z directions because we would like to have the x direction towards the LOS and the z
down, in contrast to structures who prefer the opposite.
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Data Scaling Option [¥|

N:;';/ Do you wank o Modify the Modal Daka?

Yes | Mo

"% Modal Data Scaling Factors

kModal Data Scaling Factors

Generalized Maszz [Gm) Multiplication Factor f 2 000
todal Dizplacement [phi] Multiplication Factor 1.0000
todal Slope [zigma) Multiplication Factor 12.000

Modify Coordinates from M astran Axes o Vehicle Axes
+4 ihYWehicle Axes Coregponds to; |+ In Structures Axis

+7 inVehicle Axes Comesponds to: - [+ in Structures Axes

+2 in%ehicle Axes Corezponds to; | in Shuctures Axes Ok

We finally select some dummy force and torque excitation points and some dummy translational
and rotational measurement points required by the program in the mode selection process as it
calculates the modal strengths. As we said earlier, we don’t care in this case which points to pick
because we have already decided to include all the modes. For a force excitation, for example, we
can pick the first RCS jet at node #8 firing in any direction. For rotational measurement we may
pick the ACS gyros at node #2 measuring in any direction. But we must be careful in selecting the
excitation and measurement points because there are also zeros in the modal data, because some
nodes have only rotations or only translations defined. In this case there will be a zero transfer
between the excitation and measurement points and the program will terminate without mode
selection results.
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Tahle of ¥ehicle Structure FEM Modes

In mode selection, in arder to calculate the relative mode strength of a number of modes in a specified direction you must K
define some node paintz in the M astran model where the excitation forces ar torques will be applied and alzo the farzing

directions.

Sirnilarly, you must alzo define the sensor points [ranslations or rotationz] and the sensing directions. Lancel

Select a Location {Node) for Force Excitation - 1

Pointing Antena 1 1 o.z375  -0.
Attitude, Bate, Accelerom Sensor Z Z o.oooo -1,

A point on the Solar Array 3 3 -0. 1833

Solar Array Hinge 4 4 0. o000

Beboost Engine Thruster 110 (1b) 5 = -0. 3083
Single-Gimbal Contrl Momnt Gyros Loe & = o.0ooo  o_o

Fusl Tank Center Location 7 7 O.0ooo  o.a

Back/Dight -T 8 g8 3 7 Direction

{1k o E - -3.08a67

RECE Jet Back/Left +i +E2 Z o.&
RCE Jet Front/Right -7 -2 £ (1lb} 10 10 - l.g500 0.5 %
RCS Jet Front/Left +¥ -2 Z {1k} 11 11 - -1l.&500 0.5
RCE Jet Front/Right -7 +2 £ (1lb} 1z 1z - 1. 2767 0.1
RCS Jet Front/Left 17 42 Z {1k} 132 1z - -1.E767 0.1
RCE Jet Front /R Axial -X Z (1b) 14 14 - 0,187 -0.
RCS Jet Front/L Axial -X Z {1k} 15 15 - -0.16a7 -0,
RCE Jet Back/Pight -7 -2 £ (1lb} le 1le - 3.1117 0.7
RCE Jet Back/Left +1 -2 Z {1k} 17 17 - -3.1117 0.7
BCE Jet Back/R Axial +H Z (1b) la 12 - 1.7617 0.0
DC2 Jet Back/L Axial +x Z {1k} 13 13 - -1.7el7 0.0

Mode Dezcription,  Mode Mumber,  Mastran Mode ID Mumber,  Location Coordinates (<, ', £)

The program finally calculates the modal strengths for the 46 modes and displays it in bar-chart.
Each bar corresponds to a mode number. The user must select all the modes from the chart, shown
below, by clicking on the bar with the mouse. When a mode is selected its color changes from red to
green.
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Simple Simulation Using the Finite Element Model

The following simulation model “Flex_Sim.mdI” uses the system title “RB+Flex Spacecraft with
RCS and CMG”, which was created using modal data as described earlier. It is saved in folder
“C:\Flixan\Examples\Flex Agile Spacecraft with SGCMG & RCS\Reaction Control System
Analysis\(a) Flex Models from Spacecraft FEM\Matan”.

Simple RCS Sim
Using the FEM

rate error

Phase-Plane
Controller Flex Vehicle

Atti_cmd P |rater rate
(deg) dzr (i) F——{Fet

[10, -10, 10] }& > atter atti

attitude

The simulation consists of the spacecraft dynamics and a simple phase-plane controller "Phase-
Plane.m". It is initialized by file "start.m" which loads the spacecraft state-space system from file
"flex_spacecraft_fem_s.m". The rigid-body modes are included in the finite element model. The
following figure shows the spacecraft attitude response to 10 (deg) attitude commands in different
directions. It also shows accelerometer and rate gyro responses in three spacecraft locations. This is
a simple model to begin. We will continue with more complex models in the following sections.
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Figure 1.1.1 Flexible spacecraft response to 10 (deg) attitude commands.
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Frequency Domain Stability Analysis

In the same folder there is also a Simulink model “Open_Loop_RCS.mdl” used for analyzing RCS
flex mode stability using the Describing Function (DF) method.

RCS Open-Loop Model for Frequency Domain
Describing Function Stability Analysis

Unit

rotat vector Vect
(0 0 1) pv U
\—b Udir
Note, Roll, Pitch, Yaw plus
infinite number of other directions L p|udir atti —Pp|atter mag | @
can be checked for Stability ’ )
f(i) ——P>{Fiet N mag
a_max
Each direction corresponds to —|mag rate ——p|rater -
a unique set of thrusters
Jet Select Flex Vehicle atter + rate
(: ) Mix

mag

Figure 1.1.2 Frequency domain model for RCS stability analysis using Describing Function

This model is an open-loop linearized version of the previous closed-loop model. It consists of the
same basic subsystems, slightly modified for frequency domain analysis. Stability is evaluated one
axis (rotational direction) at a time. The rotational direction is an input to the model. In the example
above we are analyzing the yaw axis. By modifying the rotation vector we can analyze pitch (0, 1,
0) and roll (1, 0, 0). It is also possible to analyze stability in many other skewed directions such as:
(0, 0.7, -0.7) or (0.5, -0.3, 0.6), since every direction corresponds to a unique set of thrusters
exciting the flex modes differently. For linear analysis the complex non-linear phase-plane logic is
approximated with a linear combination of attitude plus rate errors. The linearized jet selection logic
is also an approximation because it averages the positive and negative accelerations about a specific
rotational vector. It selects not only the positive direction jets (with half thrust) but also the jets that
accelerate in the opposite direction but assuming negative half thrusts, thus, exercising both positive
and negative jets. The system output is multiplied by the max value of the dead-band DF to scale
the Nichols charts so that the Nichols critical point (+) corresponds to the min of the DF inverse,
that is -1/N(a). The Matlab file "frequ.m™ uses the above model to calculate the frequency response
and plot the Nichols charts as shown in Figure (1.1.3) below.
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Figure 1.1.3 Nichols Charts showing stability margins from the minimum point of -1/N(a)
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1.2 Models Created using the Flight Vehicle Modeling Program

Flexible spacecraft models can also be created using the Flight Vehicle Modeling Program (FVP).
The following analysis is similar to Section 1.1 except that it uses the FVP to model the same
spacecraft. The input data and the analysis are saved in a separate

folder “C:\Flixan\Examples\Flex Agile Spacecraft with SGCMG & RCS\Reaction Control System
Analysis\(b) Flex Models from Flight Vehicle Program”. Take a look at the input data file
“FlexSc_FVP.Inp”. This file creates 3 flight vehicle models: a rigid-body model “Rigid-Body Agile
Spacecraft with RCS”, a flexible spacecraft model for zero g RCS analysis “Flexible Agile
Spacecraft, Zero-g RCS Model”, and an accelerating flex model for RCS control during re-boost
when the main engine is firing “Flexible Agile Spacecraft, Reboost Model”. Some of these
spacecraft models are z-transformed using 5 msec sampling period for discrete analysis. Their titles
are slightly modified, extended with the label "(Z-Transf)". The continuous and discrete systems are
then re-formatted for Matlab analysis. The Matlab m-function state-space system files for the zero g
models are: "Flex_Spacecraft_fvp_s" and "Flex_Spacecraft_fvp_z", and for the accelerating models
are: "Reboost_fvp_s" and "Reboost_fvp_z". These systems are loaded into Matlab workspace. The
systems file “FlexSc_FVP.Qdr” contains the state-space systems with comments and input/ output
definitions.

There is a batch set on the top of the input data file “FlexSc_FVP.Inp”. Its title is "Batch for Large
Flexible Spacecraft”, and it is used to speed up the data processing by the Flixan program. To
execute this batch, start Flixan, go to "Edit", select "Manage Input Files (*.Inp)", and "Process/ Edit
Input Data".

. Flixan, Flight Vehicle Modeling & Control System Analysi

File Analysis Tools  View Quad  Help

Manage Input Files (*.Inp) Create or Edit Batch Data
Manage System Files (*.Qdr) Process / Edit Input Data

In the following dialog there is a menu on the left side listing the input data files in the selected
directory. In this case there is only one file “FlexSc_FVP.Inp”. Click on the file name and then click
on "Select Input File". The menu on the right side of the dialog will display the titles of all the data
sets which are saved in the input file. The program which processes the data-set appears on the left
of the title. The creation of the data sets is not shown in this example because it has been
demonstrated in other similar examples. Select the first set which is the batch that runs all the other
sets, and click on “Execute/ View Input Data”. The batch executes each data set sequentially and
saves the data in file “FlexSc_FVP.Qdr”.
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Paint to an Input D ata Filename
and Click"Select Input File" The following sets of input data are in file: FlexSc_FYP.Inp

|F|EHSC_FVP.|np Bun Batch Mode : Batch for Large Flexible Spacecraft

Fle = Flight Vehicle : Rigid-Body RAgile Spacecraft with RCS

Flight Vehicle : Flexible RAgile Spacecraft, Zero—g RCS Model

Flight Vehicle : Flexible RAgile Spacecraft, Reboost Model

Modal Data : Large Flexible Sztellite with RCS, Rll Modes
5-Z-Transform : Flexible Agile Spacecraft, Zero-g RCS Model (Z-Transf)
5-Z-Transform : Flexible Agile Spacecraft, Reboost Model (Z-Transf)
To Matlabk Format : Rigid-Body Agile Spacecraft with RCS

To Matlasb Format : Flexible Rgile Spacecraft, Zero-g RCS Model

To Matlasb Format : Flexible Agile Spacecraft, Zero-g RCS Model (Z-Transtg)
To Matlabk Format : Flexible ARgile Spacecraft, Reboost Model

To Matlasb Format : Flexible Agile Spacecraft, Reboost Model (Z-Transf)

Select Input File | Edit File |
E xecute/ View Input Data |
Delete Data Set in File |
Fielocate Data Set in File |
Copy to Another File |

Proces I!pu Jata Files ' .
Paint to an Input Drata Filename Exit
and Click"Select Input File" The fallawing sets of input data are in file: FlexSe_FYP.Inp &
|FlexSc_{ Batch Mode Execution
FlexSc
Flight Vehicle : Rigid-Body Agile Spacecraft with RCS
Flight Vehicle : Flexible Agile Spacecraft, Zero-g RCS Model
Flight Vehicle : Flexible Agile Spacecraft, Reboost Model
S5-Z-Transform : Flexible Agile Spacecraft, Zero-g RCS5 Model (Z-Transf)
5-E-Tranaform : Flexible Agile Spacecraft, Reboost Model (Z-Tranaf)
To Matlab Format : Rigid-Body Agile Spacecraft with RCS
To Matlab Format : Flexible Agile Spacecraft, Zero-g RCS5 Model
To Matlab Format : Flexible Agile Spacecraft, Zero-g RCS5 Model (Z-Transf)
To Matlab Format : Flexible Agile Spacecraft, Reboost Hodel
To Matlab Format : Flexible Agile Spacecraft, Rebooat Model (Z-Tranaf)
Select
Execu
Delel
Reloc.
o
| Wiew Data-Set Comments | a

The input data file contains also a set of selected modal data. Its title is “Large Flexible Satellite
with RCS, All Modes”. The modal data set contains 40 pre-selected and pre-processed modes which
is used by the FVP to model structural flexibility. Only flex modes were selected, no rigid-body
modes since the rigid-body dynamics is provided by the FVP. The mode selection and preparation
step is not shown in this example because it has been demonstrated in other examples. The modal
data file “FlexSc_FEM.Mod” and the nodes map “FlexSc_FEM.Mod” were used during the mode
selection process. The modal data consists of 40 sets of data, a set for each of the selected modes.
The data consist of mode frequency and damping, and the mode shapes, translations and rotations at
key locations, such as, the 12 RCS jets, the 9 gyros (3 locations times 3 directions each), the 6
accelerometers (2 locations x 3 directions each), the center of the fuel tank, and the reboost engine.
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Simple Simulation that uses the FVP Model

The following simulation model Flex RCS Sim
“Flex_Sim.mdl” uses the system title (FVP)
“Flexible Agile Spacecraft, Zero-g Phase-Plane
RCS Model”, which was created Flex Vehicle
using the Flight Vehicle Modeling At(t;;;“;d " e |
Program as described earlier. It is | ——— "= R o e e
saved in  folder  “C:\Flixan\ -
Examples\ Flex Agile Spacecraft with Reboost Engine  ——>|Feng atti
SGCMG & RCS\Reaction Control Thrust
System Analysis\(b) Flex Models 110
from Flight Vehicle
Program\Matan”.
Flex Vehicle Dynamics from Flight Vehicle Modeling Program
attitude
Temn n#2
Jet Forces

Vehicle atti ;@l ;:;:: ;T

) [ g e P

GO m rate 1

Feng @_> acc @ nod #4 accelerations

Clock time at nodes # 2 & 4

% Inputs = 13

% BR-Y+Z dTh/Th for RCS Jet No 1 (-)
% BL+Y+Z dTh/Th for RCS Jet No 2 (-)
% FR-Y-Z dTh/Th for RCS Jet No 3 (-)
% FL+Y-Z dTh/Th for RCS Jet No 4 (-)
% FR-Y+Z dTh/Th for RCS Jet No 5 (-)
% FL+Y+Z dTh/Th for RCS Jet No 6 (-)
% FRAXi-X dTh/Th for RCS Jet No 7 (-)
% FLAXi-X dTh/Th for RCS Jet No 8 (-)
% BR-Y-Z dTh/Th for RCS Jet No 9 (-)
% BL+Y-Z dTh/Th for RCS Jet No 10 (-)
% BRAXi+X dTh/Th for RCS Jet No 11 (-)
% BLAXi+X dTh/Th for RCS Jet No 12 (-)

PR
REBoo~ourwNne

%

[y
w

Engine Force Direction: (1, 0, 0)

% Outputs = 26

% 1
%
%
%
%
%
%
%
%
%
%

Roll Attitude (phi-body) (radians)
RollRate  (p-body) (rad/sec)
Pitch Attitude (thet-bdy) (radians)
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The file "start.m™ initializes the spacecraft parameters, such as, the jet locations, thrusts, and thrust
directions, the phase-plane parameters, the spacecraft CG location, and it also loads the file name
"flex_spacecraft_fvp_s.m" that contains the flexible spacecraft (a, b, ¢, d) matrices. This file was
created earlier by running the batch. The spacecraft dynamics has 12 jet input forces and one main
engine input thrust. Only the jets are used for controlling the spacecraft attitude. The reboost engine
force is a disturbance which is counteracted by the RCS jets. The file "Phase-Plane.m™ contains the
phase-plane and jet-selection logic. The file "pl.m" is used to plot the data after executing the
Simulink model.

Figure (1.2.1) shows the spacecraft rate-gyro, accelerometer, and attitude response to a 10 (deg)
attitude command in all three directions. The engine thrust was set to zero. It shows also the rate-
gyro and accelerometer responses in two separate locations.
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Figure (1.2.2) shows the spacecraft response to the continuous firing of the main engine. The
spacecraft is commanded to maintain a constant zero attitude during reboost. The RCS jets are
firing regularly attempting to counteract the disturbance torque created by the engine thrust vector
and spacecraft CG misalignment and to maintain zero attitude. The attitude is maintained within the
dead-band which is 0.2 (deg). The rate-gyro and accelerometer responses in two separate locations
are also shown.
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Figure 1.2.2 Spacecraft Attitude response to a continuous firing of the 100 (Ib) reboost engine
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2.0 RCS Contro

In this section we will design the RCS control laws, starting with a simple phase-plane logic and
advancing to a more complex jet selection that minimizes fuel usage. We will also perform analysis
and simulations, starting with a simple rigid-body non-linear simulation, and gradually advance to
more complex models that include structural flexibility and fuel sloshing. We will present a non-
linear model for modeling propellant sloshing at zero or low g, and finally analyze RCS stability in
the frequency domain with flexibility and fuel sloshing.

body rate
Phase-Plane Vehicle
Controller Dynamics
Command

30 deg —|rater W_b

Qcom ———p»|Qc f (i) —»|Frcs
ge —P»|atter Qt

—P|Qf

Quat Error

Quaternion Feedback

Figure 2.1 Attitude Control System

Let us begin with a simplified version of the RCS Attitude Control System shown in Figure (2.1). It
consists of the spacecraft dynamics inside the green block, a phase-plane attitude control system
(orange block), a quaternion attitude command generator, and a quaternion error block (yellow).
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2.1 Attitude Control System

The orange block in Figure (2.1) is the Attitude Control System (ACS) which consists of the phase-
plane logic and the jet-selection logic. The yellow block calculates the attitude error. The inputs to
the phase-plane logic are attitude errors, and vehicle rates. The phase-plane calculates the demanded
change in vehicle rate, which is a vector about which the vehicle must rotate in order to move from
the initial orientation to the commanded attitude. The jet selection logic translates the rate command
vector into jet firing. It uses dot product to calculate the torque contributions from all 12 jets in the
commanded direction and it selects a few jets that contribute the biggest moment in that direction.
The output from jet-select is a vector of 12 jet forces. Most of them are “off”. The logic fires
between 2 to 4 jets at a time, depending on the commanded direction. Figure (2.2) shows the phase-
plane logic in one axis. It determines the acceleration direction from the rate and attitude errors.
There are 3 separate phase-planes operating simultaneously for roll, pitch, and yaw axes. Each plane
consists of three regions, a region of zero firing, a region of positive jet firing, and a region of
negative jet firing in the corresponding direction. The firing decision is made based on the
combined rate and attitude error in the direction that reduces error.

Rate error
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Lower Rate Limit
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Dead:Zone
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Attitude error

0 R PN
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Figure 2.2 Phase-Plane Shows Conditions for Jet Firing
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2.2 RCS Simulation Models Using
the Dot-Product Jet Selection Logic

In this design example we begin with simple models and gradually upgrade them to more complex
ones. As the design progresses we are going to analyze various simulation models with increasing
complexity in terms of spacecraft dynamics and also in control design. To avoid confusion,
therefore, each simulation model with the associated Simulink and data files are placed in separate
folders and they will be analyzed separately. We start with a 3-dof rigid-body ACS simulation that
uses dot-product jet selection logic. Then we apply the same ACS control system to the flex models
created in Section 1 using two separate Flixan methods. We compare the simulation results obtained
from the two models, both in time and also in frequency domain.

The next step is to upgrade the ACS design and to replace it with a fuel optimal jet selection logic
that significantly reduces fuel usage. Following that, we further upgrade the minimum fuel control
logic to accommodate also translational in addition to rotational control. We finally test the full 6-
dof minimum fuel control logic using a non-linear spacecraft model with flexibility, the flex
dynamics being connected in parallel with the previously used non-linear rigid-body model. This
demonstrates a wide variety of options which are available for reaction control modeling and
analysis.

2.2.1 Rigid-Body Non-Linear Simulation

We start the RCS analysis with a simple rigid-body non-linear simulation model in order to
demonstrate the phase-plane and jet-selection logic. The files used in this model are in folder
“...\Examples\Flex Agile Spacecraft with SGCMG & RCS\Reaction Control System Analysis\(c)
NonLin RigBody RCS Attitude Control”. The Simulink model is “RB_Sim_RCS.MdI” shown in
Figure (2.2.1).
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Rigid Spacecraft Simulation using RCS

body rate
Phase-Plane Vehicle
Controller Dynamics
Command

50 deg —P|rater W_b

Qcom | Qc f(i) —Pp»|Frcs
ge —P»|atter ot

Qf
Quat Error

Quaternion Feedback

The spacecraft dynamics are implemented in Matlab function “SV_Dynamics.m”. The spacecraft
outputs are body rate and attitude quaternion. The quaternion error (yellow) block receives the
attitude quaternion command and the quaternion feedback from the spacecraft and calculates the
attitude error which consists only of the 3-axis vector part of the quaternion error, representing
attitude errors in roll, pitch and yaw. The magnitude part of the 4-dimensional quaternion error is
ignored. The Matlab function “qgerror2.m” calculates the quaternion error. The phase-plane and jet-
selection logic are coded in Matlab functions “Phase_Plane.m”, and “Jet_Select_dot.m”. Jet-select
is called by the phase-plane logic. The phase-plane parameters such as the dead-band and rate limits
are loaded into Matlab workspace by the initialization file “start.m” which must be executed prior to
the simulation. Other parameters are also loaded, such as, number of jets, thrust, jet locations, thrust
directions, moments of inertia, and cg location. They are used by the jet selection logic to determine
which jets should be fired in order to provide rotation in the direction commanded by the phase-
plane logic.

The attitude command S | direction command

defined as a quaternion com_dir S

rotation from the current sén —p-Multiply

attitude, which is assumed to 50 deg o Sroduct

be zero, i.e. (0,0,0,1). The Step @2
quaternion command is a 4- J >}K. | » cos <
dimentional vector QP c03Q72)

consisting of a direction

about which the vehicle

should rotate, and the angle of rotation. The block [Qcom] is shown in detail in Figure (2.2.2). The
direction “com_dir” is defined in file “start.m”, and the rotation angle (50 deg) is defined inside the
block. After running the Simulink model, execute file “pl.m” which will plot the simulation results,
as shown in figure (2.2.3) below.
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50 deg RCS maneuver about axis: [0.58, -0.58, 0.58]
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Figure 2.2.3 Rigid-Body Non-Linear System Response to a 50 (deg) command
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2.2.2 Comparing the Linear Models with Structural Flexibility in Closed-Loop Sims

The next step in our RCS analysis is to check out by means of simulations the two types of flex
spacecraft models that were created in sections 1.1 and 1.2. The first one was created by the flex
spacecraft FE modeling program, and the second one was created by the flight vehicle modeling
program. We want to make sure that similar results are obtained from both models before we
continue any further. The first one has the rigid-body dynamics represented by rigid-body modes
from the FEM, while the second one is using its own rigid-body model and only the flex modes are
taken out of the FEM. The files for the Simulink models are in the same folder “...\Examples\Flex
Agile Spacecraft with SGCMG & RCS\Reaction Control System Analysis\ (d) RCS Attitude Control
w Flex”. It is a good practice to test and compare these two systems before we move on to more
complex models.

Let us begin with the first simulation which is in file “Sim_Flex_fem_z.mdI” and uses the FEM, see
Figure (2.2.4). The spacecraft system is in file “flex_spacecraft_fem_z.m”. It includes 40 structural
modes and 6 rigid-body modes, a total of 46 modes. It was discretized with a sampling period of
Ts=5 msec, and its title is “RB+Flex Spacecraft with RCS and CMG (Z-Transf)”.

Flex RCS Sim
Phase-Plane
Controller Flex Spacecraft
i o L e (discrete)
(deg) d2r f(i) W |Fiet  wb1
[1, -2, 3]*10 __>}< }@ P|atter
—P»|Feng atti

0

Reboost Engine
Thrust

Figure 2.2.4 Linear Flex Spacecraft Simulation “Sim_Flex_fem_z.mdl”

The ACS consists of the phase-plane and the dot-product jet selection logic which is sampled
slower, at 20*Ts= 0.1 sec. There is a fuel counter which integrates the sum of jet thrusts:
IZF(i)dt. The rate transition blocks separate the flex spacecraft (which is sampled at 5 msec)
i=1,nt

from the ACS (which is sampled every 100 msec). The ACS logic is implemented as a Matlab
Function in file “Phase_Plane.m”, and it is similar to the one described in section 2.2.1. The jet-
select output is normalized to unity and it is, therefore, divided by the jet thrust (Th). There is no
translation control yet.
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Figure 2.2.5 Phase-Plane and Jet Selection Logic

The discrete flex spacecraft block is shown in detail in Figure (2.2.6). Its inputs are 12 RCS jet
forces, and the orbital maneuvering engine thrust (which is not used in this case). The outputs are
attitudes, rates, and accelerations at specific vehicle locations defined in section 1.1 during model
preparation. File “start.m” initializes the spacecraft and ACS parameters for the simulations, and
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file “pl.m” plots the simulation data, as shown in figure (2.2.7).
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originated from the Flex Spacecraft Modeling Program.
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Figure 2.2.7 Simulation Results from “Sim_Flex_fem_z.mdl”
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The second Simulink model “Sim_Flex_fvp_z.mdI” is almost identical to the first one, but uses the
discrete system “flex_satellite_fvp_z.m”, which was created by the “Flight Vehicle Modeling
Program” in Section 1.2. The spacecraft dynamics block is shown in detail in Figure (2.2.7).
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Figure 2.2.7 Discrete Spacecraft State-Space System from file “flex_satellite fvp z.m”, system
originated from the Flight Vehicle Modeling Program.

The jet-selection logic output in this model is a little different, because, it uses the FVP spacecraft
system. This system requires the jet thrust inputs to vary between zero and one (one representing
max thrust). The actual thrust value is integrated in the state-space system data. The file “start.m”
initializes both models, and file “pl.m” plots the results from either simulation after completion.

The following plots show the spacecraft response to attitude commands. The attitude converges to
its commanded position. The rates are limited to approximately 0.2 (deg/sec). It is significant to
notice that at the end of the maneuver the vehicle linear velocity and position are not zero. This will
be corrected later by including a translational control logic. The plots show that the responses of the
two models to attitude commands are almost identical. There may be negligible differences between
the two models in the rigid-body data.
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System Comparison in the Frequency Domain

Move down to the subfolder “Frequency Domain Comparison” and run the Matlab file
“run_frequ.m”. This file loads the two spacecraft systems “flex_spacecraft fem _s.m” and
“flex_spacecraft_fvp_s.m” that were created using different methods and calculates the frequency
responses of the open-loop systems including linearized controls. The frequency responses are
shown plotted together in Bode and Nichols charts in Figure (2.2.8). The results are almost identical
proving a very good match between the two modeling approaches. This is an encouragement to
continue the analysis further.
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Frequency Response Comparison Between Two Systems
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Figure 2.2.8 Frequency domain plots show a very good comparison between the two models
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2.4 Jet Selection Logic that Minimizes Fuel Usage

A typical attitude control Reaction Control System (RCS) consists of the phase-plane logic and the
jet selection logic. The phase-plane logic determines the direction where to apply a torque on the
spacecraft in order to correct for attitude errors and it generates a rate change command to the jet
selection logic. In a 12 jet, dot-product based, jet selection logic, 2 to 4 jets are selected which are
contributing a positive torque in the demanded direction, and the logic fires those jets for a short
period to correct the attitude error. The direction of motion, however, may be near but it is rarely
along the commanded direction, which causes an error to develop in a different direction which
corresponds to a new set of jets to be selected and fired in the next cycle. It is common sense,
therefore, to assume that in order to rotate the spacecraft about a commanded direction more
optimally in terms of fuel usage, after selecting the jets which contribute a positive torque in that
direction, not all of them should be fired at the same level. Instead, if we assume that the flow rate is
proportional to thrust, the ones which contribute more torque should be allowed to fire at higher
thrusts than the ones which contribute less in that direction. But this is impossible because most
reaction control jets can only fire at constant thrust. They are either “on” or they are “off.” In this
case we can use pulse width modulation. We assume that the control cycle period is relatively long
enough (0.1 sec) to allow sufficient room for a jet pulse width modulation within the cycle. In the
beginning of the control cycle we select 3 jets and turn them on together. Then we allow the most
contributing jets to stay on longer within the cycle than the less contributing jets, an “on-time”
proportional to the amount of contribution of the selected jets. The jet control logic commands the
jets every 0.1 sec. When a jet is selected it receives also its “on-time”, which is in multiples of 5
msec, a minimum of 5 msec, and a maximum of 95 msec. So the attitude control software does not
have the responsibility to turn “off” the jets.

But how do we determine how long should each of the selected jets stay “on” during the control
cycle? Let us assume that three jets out of 12 were selected (i, j, and k) and their corresponding
vehicle acceleration vectors from each jet are: (ai , aj , ax ) respectively. If during the cycle we turn
them on for a period of (ti , tj, tx ) respectively, and there are no other disturbances, at the end of the
cycle the vehicle rate (dw) will be

5Q:(§i a; a)t; :[Ai,j,k]I (2.4.1)

Now if (dwc) represents the commanded change in vehicle rate at the end of the cycle, and that the
vehicle does move much during the short cycle, then we can invert the matrix and solve for the on-
times. We assume of course that the jets were properly selected for the commanded direction to
provide positive on-times. Otherwise, it may result into negative on-times.

t=|A1, s, (242)
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Assuming that (fi , fj , fk ) are the corresponding amounts of fuel flow rates for the three thrusters
selected, the total amount of propellant used by jets (i, j, and k) to achieve a commanded change in
rate (dwc) is

pi.j,k:(ii ij ik)tj :(ii ij ik)[Al_}k]§QC (2'4'3)

The propellant usage factor pi;jk is the criterion used for selecting 3 jets from a total of 12 jets. The
thrust directions of the jets on the spacecraft are assumed to be properly selected so that there are
always 3 jets, at least, which provide a positive torque in any commanded direction. For a given
change in rate command (3wc), the jet-select logic first chooses 3 jets that minimize equation (2.4.3)
using function Jet_Select_3dof, and it calculates also the “on-times” from equation (2.4.2).

2.4.1 Upgrading the ACS Model with the Min Fuel Logic

The Simulink model “Sim_Flex_3rot.MdI” shown in Figure (2.4.4) implements the minimum fuel
attitude control logic. It can be found in folder *“\Flixan\ Examples\Flex Agile Spacecraft with
SGCMG & RCS\Analysis\ (e) Min Fuel RCS Control 3-Rot Flex”. It consists of the RCS attitude
control system which operates at 0.1 sec sampling period, and the flexible spacecraft dynamics
which is sampled every 5 msec. The roll, pitch, yaw attitude command is applied on the left side.

Phase-Plane Flex Spacecraft

Attitude Change rate wb1
Command (deg) : .
Fjet —P»|Fjet

[1 3 2]*10 }b—} ater atti

l

Figure 2.4.4 The 3-dof Simulation Model (Sim_Flex_7R.Mdl) for Min Fuel ACS

The orange ACS block is shown expanded in Figure (2.4.5). It consists of the phase-plane logic
which is implemented in Matlab function “Rotat PP3.m”. It receives the attitude error and body
rate signals. The phase-plane calculates the commanded change (dw) in vehicle rate (roll, pitch, and
yaw), that feeds into the jet selection logic, shown in Figure (2.4.6), which turns the thrusters “on”
or “off” as needed to maneuver the vehicle. Since the system operates at two different rates, 0.005
sec and 0.1 sec, rate transitioning blocks are used in the interfaces between the Simulink blocks.
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Figure 2.4.5 Attitude Control System consisting of Phase-Plane, and Jet-Select Logic

Figure (2.4.6) shows the implementation of the jet selection logic. The function f=
Jet_main_3dof(sync, dw), is called by the Simulink model jet selection logic block, and calls the
function [js, t]= Jet_Select_3dof(dw) which performs a jet search, and selects 3 among the 12 jets
that minimize equation (2.4.3). The input (dw) is the change in vehicle rate (in roll, pitch, and yaw)
commanded by the phase plane logic. The function outputs are the selected jet numbers the array
js(.) and the corresponding on-times for each jet in array t(.).

The input “sync” is a saw-tooth signal that synchronizes the jet turning-off times in the simulation,
not in the actual hardware. In the beginning of the control cycle the 3 selected jets are turned “on”.
They remain on until the logic turns them “off” sequentially, within the 0.1 sec control cycle,
according to their “on-times” t(i). The cycle repeats every 0.1 sec interval with new jets and on-
times. The turning-off times during the 0.1 sec interval occur in multiples of 5 msec. In the actual
hardware implementation each jet that is turned on receives also its “on-time” in the beginning of
the cycle, and it has the logic to turn itself “off” when its on-time expires.

10 Hz
Synchro

Controls the duration §|gnal

of jets firing within Iﬂﬂ »|< > Jet_main_3dof
the 0.1 sec period MATLAB | | .-1

Function

—p Fjet
wdc

@ Jet Forces

Angular Rate change command

Figure 2.4.6 Minimum Fuel, 3-dof, Jet Selection Logic
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The flexible spacecraft model is shown in Figure (2.4.7). It contains the discretized system “Large
Flexible Spacecraft with RCS (Z-Transf)” described by state-difference matrix equations sampled
every 5 msec. It is loaded from file “flex_spacecraft_fvp_z.m”. The inputs to the system are the 12
jet forces. The orbital maneuvering engine is not used in this case. We will use it later when we
analyze fuel sloshing. The outputs are attitude rates, and accelerations at the navigation base plus at
other locations already described. The vehicle translation is approximated by integrating the
acceleration twice.

% Outputs = 26

Term % 1 RollAttitude (phi-body) (radians)
Flex Spacecraft Dynamics PB4 att % 2 RollRate (p-body) (rad/sec)
% 3 Pitch Attitude (thet-bdy) (radians)
»&_’E % 4 PitchRate (g-body) (rad/sec)
—> % 5 Yaw Attitude (psi-body) (radians)
flex_spacecraft _> i % 6 Yaw Rate (r-body) (_rad/sec)
(z-domain) atti % 7 Angle of attack, alfa, (radians)
Fet (M=Cx(nyDu() % 8 Angle of sideslip, beta, (radian)
();1+ 1)=Ax(n)+Bu(n % 9 Change in Altitude, delta-h, (feet)
(T % 10 Forward Acceleration (V-dot) (ft/sec)
> % 11 Cross Range Velocity (Vcr) (ft/sec)
Clock time wbl

% 12 Gyro# 1, Roll Attitude (Body) (radians)
% 13 Gyro# 2, Pitch Attitude (Body) (radians)
% 14 Gyro# 3, Yaw Attitude (Body) (radians)

O—>fime] ”

% Inputs = 13 % 15 Rate-Gyro# 4, Roll Rate (Body) (rad/sec)

% 1 BR-Y+ZdTh/Thfor RCS JetNo 1 (-) % 16 Rate-Gyro# 5, Pitch Rate (Body) (rad/sec)

% 2 BL+Y+Z dTh/Thfor RCS Jet No 2 (-) E % 17 Rate-Gyro# 6, Yaw Rate (Body) (rad/sec)

% 3 FR-Y-ZdTh/Thfor RCS Jet No 3 (-) wan

% 4 FL+Y-Z dTh/Th for RCS Jet No 4 (-) % 18 Rate-Gyro# 7, Roll Rate (Body) (rad/sec)

% 5 FR-Y+Z dTh/Thfor RCS JetNo 5 (-) % 19 Rate-Gyro# 8, Pitch Rate (Body) (rad/sec)

% 6 FL+Y+Z dTh/Thfor RCS Jet No 6 (-) % 20 Rate-Gyro# 9, Yaw Rate (Body) (rad/sec)

% 7 FRAXi-XdTh/Th for RCS JetNo 7 (-)

% 8 FLAXi-X dTh/Th for RCS Jet No 8 (-) % 21 Accelerom# 1, (along X), (ft/sec”2) Translat. Acceler

% 9 BR-Y-ZdTh/Th for RCS JetNo 9 (-) % 22 Accelerom# 2, (along Y), (ft/sec”2) Translat. Accelel

% 10 BL+Y-Z dTh/Th for RCS Jet No 10 (-) % 23 Accelerom# 3, (along Z), (ft/sec”2) Translat. Acceler

% 11 BRAXi+X dTh/Th for RCS Jet No 11 (-)

% 12 BLAXi+X dTh/Th for RCS Jet No 12 (-) % 24 Accelerom# 4, (along X), (ft/sec”2) Translat. Acceler
% 25 Accelerom# 5, (along Y), (ft/sec”2) Translat. Accelel

% 13 Engine Force Direction: (1, 0, 0) % 26 Accelerom# 6, (along Z), (ft/sec”2) Translat. Acceler

Figure 2.4.7 Flex Spacecraft Discrete Model “flex_spacecraft_fvp_z.m” Sampled at 5 msec

The file “start.m” initializes the simulation parameters before running it. The file “pl.m” plots the
simulation data, as shown in Figure (2.4.8). The spacecraft attitude responses are similar to the
responses obtained from the dot-product ACS logic in Figure (2.2.8). The most interesting result is
the fuel usage which is reduced to more than 50% by the fuel minimization logic in comparison to
the previous logic, as intended.

Notice, that increasing the sampling period increases also fuel consumption. The minimum fuel
logic is constrained to longer control cycles because thrusters have delays and also they cannot be
turned on for a very short time. In the comparison shown, the two jet selection algorithms were
sampled using the same 0.1 sec period. If the dot-product logic was allowed to be sampled at a rate
faster than 0.1 sec, the fuel savings from this fuel optimal method wouldn’t be as much. That is,
because it is constrained to a slower rate but the other one is not.
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Figure 2.4.8 Spacecraft response to attitude command using the minimum fuel jet-select logic shows
significant fuel saving in comparison to the simple dot-product logic
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2.9 Extending the Min Fuel |dea to 6-dof Control

The attitude control logic that we have used so far completely ignores the translational position and
velocity state of the spacecraft at the end of a maneuver. In some cases we may want to maneuver
the spacecraft attitude while maintaining its current position and velocity, without any linear
translation, or we may want to simultaneously command attitude and position changes, such as, for
example, during docking. In this section we shall extend the min fuel jet selection logic to 6
degrees-of-freedom (6-dof) control for positioning the spacecraft in both rotational and translational
directions. The extended 6-dof logic consists of two phase-planes, a rotational phase-plane similar
to the one used in section 2.4, and a translational phase-plane that controls spacecraft linear position
and operates very similar. The extended 6-dof jet-select logic receives (6w) commands from the
rotational phase-plane, and (8v) commands from the translational phase-plane. Then it performs a
search to identify 6 jets that provide maximum contribution towards the commanded rotational and
translational directions combined.

Let us now assume that six jets out of 12 are selected (i, j, k, I, m, and n) and that their
corresponding vehicle angular acceleration vectors from each jet are: (ai , aj , a , a , am , an)
respectively. Also the translational acceleration vectors from each jet are: (bi , bj, bk, bi, bm , bn)
respectively. The rotational and translational accelerations for a jet (i) are calculated by the
following equations

8, =J3.'dxu)f, b= fi%v

Where

di is the moment arm vector of the thruster from the CG
Ui is the thruster direction unit vector

fi is the jet thrust

My Jv is the vehicle mass and moment of inertia matrix

If we turn on the 6 selected jets together in the beginning of the control cycle period and leave them
on for periods of (ti, tj, tk, ti, tm, tn) respectively, then when the longest firing jet is turned off the
vehicle angular and translational rate (3w, V)’ is:

t
tJ
ow 8 a; a a a, a,\t
= — t
|:5y} (b' Qi b, b, b, an t, [A(GXG)]— (2.5.1)
tm
RN

If (3w, and dv)c represent the commanded changes in vehicle angular and translational rate at the
end of the 0.1 sec cycle, then we can solve for the on-times of the 6 jets by inverting the A matrix.
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We assume of course that the jets are properly selected for the commanded directions in order to
provide positive on-times, otherwise, it will result into negative on-times.

)
t= [A<_61x6) o (2.5.2)

— cC

Assuming that (fi , fj, fx , fi, fm , fn ) are the corresponding amounts of fuel flow rates for the six
thrusters, the total amount of propellant used by the 6 jets to achieve the commanded (3w, and 8v)c
IS

o
o= 1 001 )] s

The propellant usage factor pijkimn IS the criterion for selecting 6 jets from a total of 12 jets. We
also assume that the thrust directions of the jets are properly selected so that there are at least 6 jets
which provide a positive torque or force in any commanded direction. For a given commanded
(bw, and ov)c, the jet-select logic first chooses 6 jets that minimize equation (2.5.3) using function
Jet_Select_6dof, and it calculates also the “on-times” from equation (2.5.2).

2.5.1 Rotational plus Translational 6-dof Simulation Model, using the Minimum
Fuel Jet Selection Logic

The files for this simulation model are in folder “C:\Flixan\Examples\Flex Agile Spacecraft with
SGCMG & RCS\Reaction Control System Analysis\ (f) Min Fuel RCS Control 6-dof Flex”. The
Matlab file “start.m” initializes the simulation parameters. The Simulink model that implements the
fuel optimal 6-dof control logic is “Sim_Flex-6dof.MdI” and it is shown in Figure (2.5.4). It consists
of the rotational and translational phase-planes (implemented in functions “Rotat_ PP3.m” and
“Translat_PP.m”) which operate at 0.1 sec and generate the commands (3w, and V). driving the 6-
dof jet selection logic. The jet selection logic calls functions “Jet main_6dof.m”,
“Jet_Select_6dof.m”, “Jet Select rotat” and “Jet_Select-transl” which select 6 jets and their
corresponding “on-times”, for each 0.1 sec cycle. The jet forces drive the flex spacecraft dynamics
(green block) which is the system “flex_spacecraft_fvp_z.m” used earlier and sampled at 5 msec.
The inputs to the phase-planes are attitude and translation delta commands.
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Figure 3.5.4 Minimum Fuel 6-dof Simulation Model “Sim_Flex_6dof.mdl”

In this configuration the RCS controls the vehicle in all 3-translational and 3-rotational directions.
The rotational phase-plane issues a change in body rate command and it is implemented in Matlab
function “Rotat_PP3.m” which. The translational phase-plane issues a change in velocity command
and it is implemented in Matlab function “Translat_PP.m”. Figure (2.5.5) shows the Simulink
implementation of the jet selection logic.
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b Jet_main_Gdof Th Fuel
MATLAB Fuel
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dinfe Fjet
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rate change commands -
=
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dic Fros1

Figure 2.5.5 Minimum Fuel 6-dof Jet Selection Logic

Inside the jet select logic, the change in rate and velocity commands are inputs to Matlab function
f= Jet_main_6dof(sync, dw, dv), which calculates the jet forces f(i). This function calls the
function [js, t]= Jet_Select_6dof(dw, 6v) which performs a jet search, and selects 6 among the 12
jets that minimize the fuel equation (2.5.3), where (3w, dVv) are the change in vehicle rate and
velocity commanded by the phase planes. The logic selects 6 jets that best satisfy the combined
translational and rotational phase-plane demands. The selected jet numbers are given in the array
js(.), and the corresponding on-times in array t(.). The input “sync” is a saw-tooth signal that
synchronizes the jet turning-off times in the simulation, not in the actual hardware. In the beginning
of the control cycle all 6 selected jets are turned “on”. The logic turns them “off” sequentially,
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within the 0.1 sec control cycle, according to their on-time values t(i). The cycle repeats every 0.1
second with different jets and on-times. The turning-off times during the control cycle intervals
occur in multiples of 5 msec. In the actual hardware implementation each jet receives its “on-time”
in the beginning of the 0.1 sec cycle when they get turned-on and it has the logic to turn itself “off”
in multiples of 5 msec intervals. The file “start.m” initializes the simulation parameters, and the file
“pl.m” plots the simulation data.

Figure (2.5.6) shows attitude and translation simulation results obtained from the 6-dof simulation
model “Sim_Flex_6dof.mdl”. The spacecraft attitude responses are similar to the responses obtained
from the 3-dof simulations, but in this case the vehicle does not translate as it did before, but it is
holding position while maneuvering in attitude. Of course, this is achieved at the expense of more
jet firing and fuel usage.
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(10,-20,30) deg maneuver, using Min Fuel B-dof RCS Coantrol
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Figure 2.5.6 Attitude maneuver using the 6-dof minimum fuel model, maintains position during
maneuvering
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2.6 Modeling the Fuel Motion inside the Tank

There is a tank inside the spacecraft that has a spherical shape and contains fuel for the RCS jets.
The spacecraft motion causes the fuel to move inside the tank and it is creating disturbance forces
on the spacecraft which has the potential to interfere with operations or even cause instability in the
control system. There is a need, therefore, to capture the fuel sloshing dynamics in a mathematical
model that can be combined with the spacecraft model. Linear spring-mass or pendulum models
typically used in launch vehicles are not applicable here because the spacecraft is at zero or very
low g and the fuel is not behaving like a linear pendulum. It is reasonable, therefore, to assume that
the sloshing fuel will induce a bigger disturbance on the spacecraft when it is lumped together like a
soft mass ms that can slide or bounce against the inner surface of the tank as the vehicle translates
and rotates in space, and not when it is spread thin inside the tank.

There are a couple of conceptual models to capture the lumped fuel motion and its reaction forces
on the tank, both leading to the same equations. One model assumes that the slosh mass ms is soft
and it behaves like a 3-dimensional elastic pendulum. The mass is attached to a tether, and the other
end of the tether is attached to the center of the tank, as if as there is a hook at the center of the tank.
To capture the elasticity of the mass we insert a spring between the mass and the tether end. When
the string is stretched the reaction forces on the vehicle are applied at the tank center through the
tether. The soft mass either slides around the inside surface of the tank with the string stretched or it
floats inside the tank when the string is slack, in which case it does not apply any force on the tank.
When the mass distance from the tank center exceeds the length of the tether (r) the spring stretches
and applies a force at the center through the tether. In another visualization the mass softly splashes
against the inner surface of the tank without disintegrating.

There is one additional feature needed to prevent excessive deflections of the slosh mass and to
contain it within the walls of the tank. We use a non-linear spring that has a stiffness coefficient

ks(8) increasing parabolically with extension (8), that is k, = ¢,6% +c,. As the mass approaches the

tank surface the radial string force becomes sufficiently high to constrain the mass within the tank
walls. So the soft mass can either slide parallel to the surface, or float inside the tank, or bounce
against the surface. It can be pictured as shown in Figure (2.6.1), where the fixed length of the
string is r, where r is about half the size of the tank radius ro, and there is a non-linear spring
between the end of the string and the center of slosh mass ms.
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Figure 2.6.1 Conceptual Illustration of the Non-Linear Slosh Pendulum Model

Note, the model parameters, such as the axial and tangential damping coefficients, the length of the
tether (r), and the non-linear spring constants are derived from data derived from computational
fluid dynamics models. The parameters are adjusted to match the oscillations frequency and rate of
decay of the CFD responses. The non-linear spring parameters ¢1 and c. are adjusted to capture a
realistic behavior of the liquid mass as it hits a surface of the tank due to vehicle accelerations.

Another conceptual model that captures the same dynamic effect is to assume that the slosh mass
behaves like a soft ball, rolling and bouncing inside a sphere which is approximately half the tank
radius, applying forces on the tank perpendicular to the tank surface. Since the tank is spherical the
reaction forces always pass through the tank center, same as the soft pendulum model.
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2.6.1 What is the worst fuel level?

Before we start analyzing the sloshing problem we
must determine: what is the fuel level where the slosh
disturbance on the vehicle is maximized. When the
tank is almost empty by common sense we know that
the sloshing forces are negligible. Also, when the tank
is full there is no fuel motion and therefore there is no
disturbance. The answer is obviously somewhere in
between and we must, therefore, determine what fuel
level maximizes the slosh disturbance and use that
fuel level in the analysis in order to be on the
conservative side.

Let us assume a spherical tank of radius ro, volume F, = mx,0?
Vo, holding a total fuel mass Mo. The fuel is rotating Centripetal Force
around the inside surface at an angular rate ws held

together under the influence of the centripetal force. Its density is (p), where:

M, _ 3M, 26.)

V, 4

Assuming that the fuel surface is almost flat, let us calculate the fuel volume as a function of fuel
level height (h)

v(h)= n}(rg —xZ)dh = ﬁ}(Zroh —h?)dh
° ° (2.6.2)

V(h):ﬂhz(ro —gj

The fuel mass can be calculated as a function of the fuel surface height or as a function of the
surface distance from the tank center Xo.

m, = zp hz(r0 —2] = ﬂp(% Iy +%xg’ - rozxoj (2.6.3)

We can also derive equations for the tank fill ratio f; as a function of fuel height (between zero and
one) and the pendulum length I, between the center of the tank and the fuel center of mass.

¢ _h*Gr-h) | - (2n-h) (2.6.4)

r 4r03 p 4(r —hj
° 3

It seems reasonable to assume that the disturbance on the vehicle will be maxed when the slosh
moment of the liquid from the tank center is maximized. The slosh moment is equal to the liquid
mass times the distance of its center of mass from the tank center.
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% % (2.6.5)

The disturbance on the vehicle is maximized when
%moment :xo(xg —~ roz): 0 (2.6.6)

This happens when xo=0, that is, when the tank is half full. By combining equations (2.6.3) and
(2.6.5) we can solve for the slosh mass distance from the tank center xs

2 2
X, :4M —% - (2.6.7)
4h2(r0 —j
3

As an alternative approach to calculating max disturbance conditions, let us assume that the liquid
mass is spinning inside the tank. It is obvious to assume that the disturbance on the vehicle is
maximized when the moment of inertia (lsiosh) Of the liquid mass about the center of the tank is
maximized, where:

fo 23 x8 fo

21, x_g ~ X
15 5 3

Islosh = 7Z'p|: +

The slosh moment of inertia is maximized when

d, :xg(xé —roz):O (2.6.9)

& slosh

This happens again when xo=0, and the fuel heighth =r, that is, the worst disturbance condition is

when the tank is half full. In this case the pendulum length, or the slosh mass distance from the
center from equation (2.6.7) is

r :gr0 (2.6.10)

In our subsequent slosh analysis, therefore, we shall assume that the fuel tank is half full, and the
sloshing pendulum mass is equal to half of the full tank mass, and the soft pendulum length (r) is
only 3/8 of the actual tank radius (ro).
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2.6.2 Zero-g Non-Linear Slosh Model

The acceleration (at) of the spacecraft at the center of the tank is
at = _gs XQb +§s where gs = !tnk +Zs _!CG

Where:

ds is the distance of the slosh mass from the spacecraft CG,
[oN is the spacecraft angular acceleration,

as is the spacecraft translational acceleration at the CG.

When the pendulum string is stretched, the tension at the string Fst can be expressed by the
following equation

F, =m/(r+05)9 centripetal forceduetoangular rateof mass
+k,(5)s non — linear spring force dueto deflection &
+k,, (%, eu,) axialviscous friction

Where:

0 is the angular rate of the pendulum relative to tank,

ks(3) is the non-linear spring constant of the sluggish mass which is a function of spring
displacement (8), k, =c,6% +c,
Ka1 is the axial damping coefficient

X is the slosh mass velocity relative to the tank, dotted with

U1 which is the unit vector from the tank center to the slosh mass
yo X

Z1 |§s|

The inertial acceleration of the slosh mass consists of two components, the acceleration of the mass
relative to the tank X, , plus the inertial acceleration of the tank a:, and it is the result of axial forces
from the string along us, plus viscous forces as it rotates around rubbing against the inside of the
tank along u>.

m (Xs +& ) =—-Fu, - (kd zg)iz

Where:

Kav is the tangential damping coefficient of the mass as it slides along the surface creating a
force parallel to the surface resisting the mass motion along u.

Uz which is the unit vector parallel to the surface in the velocity direction

u :i u, :[(glxgv)xgl]

The disturbance force on the spacecraft Fy. is equal and opposite to the force on the slosh mass and
the torque on the spacecraft is obtained by cross-multiplying Fsc with the distance ds of the slosh
mass from the spacecraft CG.
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Foc= Fstgl + (kdzg)gz
T = (gs ><Es/c) Where : gs = I_tnk +Zs _I_CG

—slc

The velocity and position of the slosh mass ms with respect to the tank are obtained by integrating
the slosh mass acceleration starting from velocity and position initial conditions vo and po

t t
X, =Vo+ [R®)dt X, =p +[X ()t
0 0

The slosh mass angular rate & is obtained by resolving the slosh mass velocity X, along the u.
direction. The pendulum angle @is a function of the x-direction component of vector us.

éz( X jogz 0 =cos*[u,(1)]

r+o6

2.6.3 Implementing and Testing the Zero-g Slosh Model alone

Before coupling the slosh equations with the spacecraft dynamic model we are going to create a
separate zero-g pendulum slosh model “Slosh.mdl”, shown in Figure (2.6.2). This system will be
used to test the slosh dynamics alone under the influence of external forces, starting from an initial
condition of ms. The slosh equations are implemented in Matlab function “Slosh_0g.m”. The inputs
to the Simulink model are: spacecraft rotational acceleration vector, and translational acceleration
vector at the CG, coming from the vehicle dynamic model. The spacecraft accelerations induce
forces on the mass and opposite reaction forces on the vehicle. The slosh mass acceleration relative
to tank X, is integrated twice to calculate the mass velocity and position relative to the tank. The

model output is the reaction force vector which is applied to the vehicle model at the center of the
tank. The forces are applied only when the spring is stretched, that is, 6 >0. The file “start.m”
loads the tank mass properties and initializes the mass position and velocity relative to the tank. The
file “plsl.m” plots the simulation parameters.
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Zero-g Slosh
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Figure 2.6.2 Zero-g Pendulum Slosh Model “Slosh.MdI” that uses Matlab function “Slosh_0g.m”

Figure (2.6.3) shows the slosh model response when there are no external accelerations, but the
mass is initially placed in the extreme +y position while at the same time it has a velocity of 0.5
(ft/sec) in the —x direction. So it rolls inside the tank surface in the x-y plane while it is slowing
down due to surface damping. As it slows down it applies less reaction force on the tank.

Figure (2.6.4) shows another situation where the mass is in the extreme +y position and it has no
velocity, but the spacecraft is accelerating in the +x direction. This causes the mass to roll inside the
tank and oscillate in y direction passing through zero. Eventually, damping causes the slosh mass
to slow down and to converge in the —x direction. Also, the force on the vehicle ends up in the —x
direction. Notice, that the oscillation in the x direction is twice the frequency of the y oscillation.
This model will now be combined with the flex vehicle model.
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Lero-g Slosh Simulation
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Figure 2.6.3 Slosh mass rolling inside the tank due to initial velocity
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Figure 2.6.4 Slosh mass oscillations under constant +x acceleration
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2.7 Minimum Fuel RCS 6-dof Simulation
with Fuel Sloshing and Flexibility at Zero-g

Now that we have developed our rigid-body and flex spacecraft models, and we have successfully
analyzed the fuel minimization algorithm in both rotational and translational directions, and also
tested the zero-g slosh model, the next step is to integrate all these models together in a 6-dof
simulation that will be used to analyze the simultaneous, attitude and translation control while
sloshing. Actually, we are going to develop two integrated models, a linear, and a non-linear model
for comparison. The simulation files in this analysis are located in folder “C:\Flixan\Examples\Flex
Agile Spacecraft with SGCMG & RCS\Reaction Control System Analysis\(h) NonLin
RB+Slosh+Flex 6-dof RCS Attitude Control”. The file “start.m” initializes the spacecraft
parameters. The slosh mass is initialized with an initial position Xso, and velocity Xsqo relative to the
center of the tank.

2.7.1 Linear 6-dof Model with Slosh and Flex

The linear Simulink model is in file “Sim_Lin_Flex_Slo_6dof.mdI”, and shown in Figure (2.7.1).
For spacecraft dynamics it uses the discrete state-space model file “flex-spacecraft-fem_z.m”, title:
“RB+Flex Spacecraft with RCS and CMG (Z-Transf)”, which has 6 rigid-body modes and 40 flex
modes, and was created using the flex spacecraft modeling program.

rotational attitude
. angular rate
Rotational
Phase-Plane
Attitude Change 6-dof
Command (deg) rate Jet-Select Flex
dwe Logic Spacecraft
[1 -2 3]0 —>}>—>@—> ater 9
L——Pp|dwe wh #2
Fjet —P»|Fijet
»(dve atti
[40 0 01 >_+ » |pos Jet Select
- dvc pos
Translation vel >|Feng
Command (feet) dv
Translational
Phase-Plane
v elocity

translational position

Figure 2.7.1 Min Fuel 6-dof Simulation Model “Sim_Lin_Flex_Slo_6dof.mdl” that includes Slosh and
Flexibility

The model uses the two separate rotational and translational phase-planes and the 6-dof fuel
minimizing jet selection logic that was described in Section (2.5). The simulation is running at 5
msec, and the phase-planes are running at 100 msec. Figure (2.7.2) shows the spacecraft model in
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detail. The zero-g slosh model is shown closing a mechanical feedback loop between the vehicle
acceleration at the center of the tank and the force applied at the tank center. The slosh model and
other spacecraft parameters are initialized by file “start.m”. The fuel slosh block uses the Matlab
function “f=Slosh_0g(Acc)” which calculates the reaction forces applied at the tank by the slosh
mass as a function of the tank accelerations. The simulation is initialized automatically, and when it
completes it runs file “pl2.m” to plot the results. Figure (2.7.3) shows the results from an attitude
maneuver. The position is constrained to within one foot of error while maneuvering.

Discrete Flex Spacecraft Dynamics

dv
(FEM Model) —»[dV] dv
D
Int
pos
Fiet acc #4 I_Iz—l I_Iz—l
] El Intl -—>
1
acc #7 tran
flex_spacecraft_fem —VE
- z—domain_ I > El atti tran
2 - .
Feng y(n)=Cx(n)+Du(n) | »@
A(n+1)=Ax(n)+Bu(n
— » wh #2
O[] D w2 D
r
E_> Clock time r2d
P
Zero-g Slosh _»E wb
Pendulum Model
wb #4
Fv Acc (¢
% Outputs = 21
% 1 X-Accelerat. Sensed at Node # 2 (ft)
% 2 Y-Accelerat. Sensed at Node # 2 (ft)
% Inputs = 19 % 3 Z-Accelerat. Sensed at Node # 2 (ft)
% 1 Force No 1 Applied at Node # 8 (Ibf)
% 2 Force No 2 Applied at Node # 9 (Ibf) % 4 X-Accelerat. Sensed at Node # 4 (ft)
% 3 Force No 3 Applied at Node # 10 (Ibf) % 5 Y-Accelerat. Sensed at Node # 4 (ft)
% 4 Force No 4 Applied at Node # 11 (Ibf) % 6 Z-Accelerat. Sensed at Node # 4 (ft)
% 5 Force No 5 Applied at Node # 12 (Ibf)
% 6 Force No 6 Appl?ed at Node # 13 (Ibf) % 7 X-Accelerat. Sensed at Node # 7 (ft)
% 7 Force No 7 Applied at Node # 14 (lbf) % 8 Y-Accelerat. Sensed at Node # 7 (ft)
% 8 Force No 8 Applied at Node # 15 (Ibf) % 9 Z-Accelerat. Sensed at Node # 7 (ft)
% 9 Force No 9 Applied at Node # 16 (Ibf)
% 10 Force No 10 Applied at Node # 17 (Ibf) % 10 X-Rotation Sensed at Node # 2 (radian)
% 11 Force No 11 Applied at Node # 18 (Ibf) % 11 Y-Rotation Sensed at Node # 2 (radian)
% 12 Force No 12 Applied at Node # 19 (Ibf) % 12 Z-Rotation Sensed at Node # 2 (radian)
% 13 Force No 13 Applied at Node # 5 (lbf) % 13 X-Rot. Rate Sensed at Node # 2 (radian)
% 14 Y-Rot. Rate Sensed at Node # 2 (radian)
% 14 Force No 14 Applied at Node # 7 (Ibf) % 15 Z-Rot. Rate Sensed at Node # 2 (radian)
% 15 Force No 15 Applied at Node # 7 (Ibf)
% 16 Force No 16 Applied at Node # 7 (Ibf) % 16 X-Rot. Rate Sensed at Node # 1 (radian)
} % 17 Y-Rot. Rate Sensed at Node # 1 (radian)
% 17 Torque No 1 Applied at Node # 6 (ft-lIb) % 18 Z-Rot. Rate Sensed at Node # 1 (radian)
% 18 Torque No 2 Applied at Node # 6 (ft-Ib)
% 19 Torque No 3 Applied at Node # 6 (ft-Ib) % 19 X-Rot. Rate Sensed at Node # 4 (radian)

% 20 Y-Rot. Rate Sensed at Node # 4 (radian)
% 21 Z-Rot. Rate Sensed at Node # 4 (radian)

Figure 2.7.2 Spacecraft Dynamics consists of the flex system “flex_spacecraft_fem_z.m” and the Slosh
Model Function “Slosh_0g.m” closing a mechanical feedback loop
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Figure 2.7.2 Performs attitude maneuver as expected
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Figure 2.7.2 Slosh mass activity relative to tank and slosh force on the vehicle
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2.7.2 Non-Linear 6-dof Model with Slosh and Flex

The non-linear Simulink model is in file “Sim_NonLin_Flex_Slo_6dof.mdl”, shown in Figure
(2.7.3). This model uses quaternion for attitude control and calculates a quaternion error for attitude
feedback. The quaternion command (left) is calculated by combining the commanded angle of
rotation and the rotation axis, see Figure (2.7.4). The attitude feedback signal (ge) consists of the 3-
dimensional vector part of the quaternion error. For small angles ge= half the attitude error vector.

quaternion attitude
) angular rate
Rotational
Phase-Plane
uat Error
Command Q T . .
30 deg P Of dwe Non-Linear Rigid
ge +—p|ater Jet Select & Flex Combined
Qcom —————  P»|Qc p|awe
Fiet —»|Frcs el
—p»{dve
quat
[5 15 -10]*0 }@ P pos 6-dof s|Feng
dvc -
Translation vel Jet Se_|90t pos
Command (feet) Logic .
Translational >| Tdist av
Phase-Plane
v elocity

translational position

Figure 2.7.3 Min Fuel 6-dof Simulation Model “Sim_NonLin_Flex_Slo_6dof.mdl” that includes Slosh
and Flexibility

direction command

com_dir P Matrix
sin ——ppMultiply
sin(Q/2) Product —>

J --—-)}K- . Pp| cos ———Pp Qcom

50 deg Q/2 cos(Q/2)
Step

Figure 2.7.4 Quaternion Command Generator
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The spacecraft dynamics is shown in Figure (2.7.5). It consists of two dynamic systems in parallel
with the slosh model in the feedback path. It uses the 6-dof non-linear rigid-body dynamics which is
implemented in Matlab function “RB_Dynamics.m”. From the forces and moments this function
calculates the velocities, angular rates, and integrates the quaternion from the body rates. It
calculates also vehicle accelerations at three locations: the navigation base, at one of the solar array
joints, and at the center of the fuel tank.

The flexibility model is connected in parallel with the rigid-body model. The flex model uses the
state-space system file is: “flex_only _fem_z.m”. This system is discretized at 5 msec, it has no rigid
modes, but consists only of 40 flex modes starting from mode #7. It was created using the flex
spacecraft modeling program, and its title is “Flex Only Spacecraft with RCS and CMG (Z-Transf)”.
Both spacecraft models are excited with the same forces and torques. Their outputs are added
together and the output signals consist of non-linear spacecraft responses with flexibility
superimposed.

The slosh model is also included in the feedback loop, connected between the vehicle acceleration
at the center of the tank and the input force at the tank. The slosh model uses the Matlab function
“Slosh_0g.m” which calculates the reaction forces applied by the slosh mass as a function of the
spacecraft accelerations at the tank. The simulation is initialized by file “start.m” and when it
completes it plots the results using file “pl.m”.
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Figure 2.7.6 Rigid-Body Subsystem or the Spacecraft Dynamics Block

Figure (2.7.6) shows the rigid-body subsystem block in detail. It uses the Matlab function
“RB_Dynamics.m” which contains the non-linear rigid dynamics and integrates the input forces and
torques into body rates and accelerations. In addition to the jet and main engine force inputs, the
force on the vehicle due to the slosh mass motion, created by the slosh model, is also an input. The
outputs are: body rate, attitude quaternion, and spacecraft accelerations at three locations, the
navigation base, a sensitive location at the solar array, and at the center of the tank.

The flexibility model is shown in Figure (2.7.7). It uses the discrete (5 msec) state-space system:
“Flex Only Spacecraft with RCS and CMG (Z-Transf)” loaded from file: “flex_only _fem z.m”,
which was created in Section 1.1. It contains only the 40 flex modes starting from mode #7. It is
excited by the same input forces and torques as the rigid model, but its outputs consist only of
flexibility components without rigid-body content. Its outputs consist of accelerations at node
numbers 2, 4, and 7, angular rates at nodes 2, 1, and 4, and rotations at node #2. Note that, the
acceleration and the rate measurements at node #4 (which is at the left solar array) are in solar array
and not in vehicle coordinates, and they are transformed to body coordinates by multiplying them
with a transformation matrix “Ctr”, so that they can be combined with the rigid-body components
from the rigid system.
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% 6 Force No 6 Applied at Node # 13 (Ibf) % 5 Y-Accelerat. Sensed at Node # 4 (ft)
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% 8 Force No 8 Applied at Node # 15 (Ibf)
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% 10 Force No 10 Applied at Node # 17 (Ibf) % 8 Y-Accelerat. Sensed at Node # 7 (ft)
% 11 Force No 11 Applied at Node # 18 (Ibf) % 9 Z-Accelerat. Sensed at Node # 7 (ft)
% 12 Force No 12 Applied at Node # 19 (Ibf)

% 10 X-Rotation Sensed at Node # 2 (radian)
% 13 Force No 13 Applied at Node # 5 (lbf) % 11 Y-Rotation Sensed at Node # 2 (radian)
% 12 Z-Rotation Sensed at Node # 2 (radian)
% 14 Force No 14 Applied at Node # 7 (Ibf)
% 15 Force No 15 Applied at Node # 7 (Ibf) % 13 X-Rot. Rate Sensed at Node # 2 (radian)
% 16 Force No 16 Applied at Node # 7 (Ibf) % 14 Y-Rot. Rate Sensed at Node # 2 (radian)
% 15 Z-Rot. Rate Sensed at Node # 2 (radian)
% 17 Torque No 1 Applied at Node # 6 (ft-Ib)
% 18 Torque No 2 Applied at Node # 6 (ft-Ib) % 16 X-Rot. Rate Sensed at Node # 1 (radian)
% 19 Torque No 3 Applied at Node # 6 (ft-Ib) % 17 Y-Rot. Rate Sensed at Node # 1 (radian)
% 18 Z-Rot. Rate Sensed at Node # 1 (radian)

% 19 X-Rot. Rate Sensed at Node # 4 (radian)
% 20 Y-Rot. Rate Sensed at Node # 4 (radian)
% 21 Z-Rot. Rate Sensed at Node # 4 (radian)

Figure 2.7.7 Structural Flexibility Subsystem

The zero-g non-linear pendulum model block is shown in Figure (2.7.8). The slosh mass is
initialized at some initial location relative to the tank and it is excited into motion by the vehicle
acceleration due to engine firing or the reaction jet thrusts. When its distance from the center
exceeds the pendulum length the mass applies forces (Fiwank) at the tank center, closing the
mechanical feedback loop between vehicle acceleration and the input force at the tank in Figure
(2.7.5).
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Figure 2.7.8 Zero-gravity Non-Linear Slosh Dynamics Subsystem

The simulation results in Figure (2.7.9) show the spacecraft response to a 50 (deg) attitude
command in an arbitrary direction.
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Figure 2.7.9 Spacecraft performs a 50 deg. attitude maneuver while maintaining a small translation of less than
one foot
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Figure 2.7.9 Slosh mass activity and reaction forces applied on the spacecraft
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2.8 Reboost Analysis with the Main Engine Firing

During reboost the spacecraft fires the main engine to modify its =g N e
altitude or change orbit. The ACS points the spacecraft in a proper
orientation, the main engine ignites, and the RCS attempts to keep it
at constant attitude or a slowly varying attitude during the orbital
maneuver. We assume of course that the RCS can provide enough A X
torque to correct any attitude errors that may occur due to
misalignment of the thrust vector from the spacecraft CG. The
translation control system is obviously turned off during this phase
since we are constantly accelerating. The acceleration causes the
fuel to accumulate towards the engine at the bottom of the tank, and
any lateral disturbance causes sloshing which generate oscillatory
disturbances on the spacecraft. The fuel dynamic behavior
resembles that of a simple pendulum. When the desired orbit is
reached the main engine is turned off and the ACS switches to a
different mode of operation. In this section we will analyze a couple A

of accelerating reboost models: a linear model that includes a linear
pendulum slosh model, and a non-linear model coupled with slosh
and structural flexibility. The simulation files for this analysis are in
folder: “C:\Flixan\Examples\Flex Agile Spacecraft with SGCMG &
RCS\Reaction Control System Analysis\(i) Orbital Maneuvering-
Reboost Phase”. The file “start.m” initializes both simulation
models.

2.8.1 Linear Reboost Simulation Model

The linear Simulink model for the reboost phase uses the state-space system that was generated
using the Flixan “Flight Vehicle Modeling Program” in Section 1.2. Its title is “Flexible Agile
Spacecraft, Reboost Model (Z-Transf)” and it was saved in file “reboost_fvp_z.m”. In this case we
are not using the complex zero-g slosh model wrapped around the spacecraft dynamics as in the
previous zero-g case. This system is slightly different from the zero-g version used earlier because
in this accelerating case the slosh dynamics simplifies to a linear pendulum resonance that can be
included inside the vehicle state-space system. The pendulum frequency and other parameters are
defined in the vehicle input data file. Also, in this case, the vehicle acceleration was set to 0.5
(ft/sec?®) in the x direction to capture the constant firing of the reboost engine. Otherwise, the
program will not accept a slosh resonance when the vehicle acceleration is zero. Note, that in the
vehicle data the slosh frequency is specified at 1g, (32.2 ft/sec?) because it is usually known at 1g.
The program adjusts the slosh frequency according to the total linear acceleration.

The simulation model for this linear case is in file “Sim-Lin-Reboost-fvp.mdl”, shown in Figure
(2.8.1). It uses the fuel optimal attitude control logic described earlier. There is no translation
control during reboost. The flex spacecraft system with slosh is in Figure (2.8.2). The simulation
results are shown in Figure (2.8.3). The spacecraft is commanded to maintain a constant zero
attitude during reboost. The engine thrust is constant throughout the simulation at 110 (Ib). There is
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a repetitive RCS jet firing for counteracting the torque generated due to engine and CG
misalignment. The RCS is holding the spacecraft attitude error below 0.5 (deg) defined by the dead-

band.
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Figure 2.8.1 Linear Reboost Simulation Model “Sim_Lin_Reboost_fvp.mdl”
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Figure 2.8.2 Spacecraft dynamic model with slosh created using the FVP
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Reboost maneuver, using (Sim-Lin-Reboost-fvp. mdl)
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Figure 2.8.3 Simulation Results from the linear reboost system with slosh
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2.8.2 Non-Linear Reboost Model

The non-linear Simulink model for the reboost phase is “Sim_NonLin-Reboost_fem.mdl”, shown in
Figure (2.8.4).

quaternion attitude

angular rate

Phase-Plane

3-dof Jet Select Non-Linear Rigid
& Flex Combined

rate

attitude Quat Error
command=0 —|Qf Fjet ———»{Frcs wh #2

ge +——Ppp|ater
(001 ——ploc

—P»|Feng quat

110

Reboost Engine
Force (Ib)

Figure 2.8.4 Orbital Reboost Simulation Model “Sim_NonLin_Reboost_fem.mdI”

The green spacecraft subsystem block is the same as the one used in Section 2.7. It includes the
non-linear rigid-body function “RB_Dynamics.m”, in parallel with the flex-only state-space model
“flex_only_fem_z.m”. The simulation parameters are initialized from file “start.m” and the file
“pl.m” plots the simulation results, as soon as it ends. The spacecraft is commanded to maintain
zero attitude during reboost, i.e. quaternion command = (0, 0, 0, 1). In the spacecraft dynamics
block the non-linear slosh model closes the mechanical feedback loop by applying reaction forces at
the tank as a function of the slosh mass motion relative to tank. The mass is initialized at an off-
center position in the y direction to maximize the initial disturbance on the vehicle as it accelerates
in the x direction. The main engine force is set to a fixed value of 110 (Ibf) which provides a 0.45
(ft/sec?) x-acceleration on the spacecraft. The simulation results are shown in Figure (2.8.5). The
initial slosh mass displacement from the center causes an initial transient in the spacecraft attitude.
The attitude error is significantly reduced as the mass converges (by means of a low damped
oscillation) towards the main engine at the bottom of the tank (in the —x direction). Eventually, the
vehicle maintains an average zero attitude within 0.5 (deg) of error which is due to the dead-band.
The constant acceleration causes the non-linear spring of the slosh model to deflect approximately
1.5 (inch), see figure (2.6.1). The RCS jets are steadily firing attempting to balance the disturbance
torque generated by the engine thrust vector misalignment from the spacecraft CG. The plots also
show two rate-gyro and two accelerometer signals in different spacecraft locations where the
flexibility is different.
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Orbital Reboost Simulation Using the Main Engine
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Figure 2.8.5 Non-Linear Reboost Simulation, Vehicle Response in Various Locations
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Slosh Variables
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Figure 2.8.5 Non-Linear Reboost Simulation, Slosh Variables

90



2.8.3 Describing Function Analysis of the RCS during Reboost

The Describing Function (DF) is a very powerful frequency domain method for evaluating the
stability margin of a non-linear control system, determining the existence of limit cycles, and also
for designing filters to attenuate resonances and to shape the control system’s frequency response in
order to improve stability margin and to prevent limit-cycles. Limit cycles are sustained oscillations
caused by non-linearities. We are not concerned with rigid-body limit-cycles because there is
always going to be some degree of rigid-body limit-cycling. We are more concerned with limit-
cycles which are caused due to structure flexibility excitation. It is very important, therefore, to
achieve sufficient gain and phase margin in flex mode resonances in order to prevent structural
limit-cycling because they are very undesirable. They use up a lot of fuel, corrupt measurements,
spacecraft performance, and they cause structural damage due to metal fatigue. In the classical
Describing Function methodology we separate a single-input-single-output (SISO) control systems
in two parts: (a) the linear G(s) part which is a function of frequency (), and (b) the non-linear
N(e) part which is a function of the error signal amplitude (e). Then we solve the feedback equation
G(jw) N(e) =1 by using Nichols or Nyquist diagrams. Intersections of the G(jo) locus with the -

1/N(e) locus indicate the possibility of limit-cycles, but not every intersection defines a sustained
oscillation. There are convergent limit-cycles and divergent limit-cycles, and they usually alternate.
We are not concerned with divergent limit-cycles because they do not sustain an oscillation. We are
only concerned with the convergent limit-cycles. The convergent limit-cycle amplitude and
frequency can be obtained approximately from the loci intersections. The amplitude is obtained
from the 1/N(e) locus, and the frequency is obtained from the G(jw) locus which are both co-plotted
on a Nichols or a Nyquist plot.

It is not straightforward, however, how to apply the DF method in a typical RCS phase-plane
system and requires some simplifications and assumptions. The classical DF method is applicable
only to SISO systems, and it assumes that the DF of the non-linearity N(e) is a SISO, and a function
of only amplitude but not frequency. In our situation, however, the control system structure is a
little different and requires some assumptions to be made and block diagram manipulations in order
to shape it in a form where the DF method can be applied. To start with, our phase-plane controller
is unconventional because it has two inputs and one output. If we assume, however, that during
limit-cycling the inputs are approximately sinusoidal, the two inputs: rate and attitude errors are
related because the attitude error is the integral of the rate, hence, we can reduce the phase-plane
inputs to only one input, the body rate and integrate the rate to get attitude. Any sustained limit-
cycle generates a pattern in the phase-plane symmetric about the origin, producing, therefore, a
periodic output torque with zero average, as shown in Figure (2.8.6).
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Figure 2.8.6 Sustained Limit-Cycle Trajectory in the Phase-Plane

The next problem to overcome is the fact that the output from the jet selection logic consists of
multiple jet forces (Fjet). Remember, we need to separate the G(s) part from the N(e) part and,
therefore, we must break the control loop at two points. One obvious point to separate the systems is
at the spacecraft rate output which is the input to the non-linearity. We must also break the loop at
the output of the non-linearity which is 12 jet forces. But it is not convenient to break the control
loop at the jet force for stability analysis because the DF method requires a breaking point at a
scalar, not a vector. One step closer to our goal is to transform the jet forces into torques (T) in the
non-linear control system output and break the loop at the torque output. This transformation creates
two separate (3x3) systems in a feedback loop, a non-linear part N(e) and a linear part G(s) that
connect to each other by means of roll, pitch, and yaw rates and roll, pitch, and yaw torques, as
shown in Figure (2.8.7). By cutting the loop at the torques it reduces the number of outputs to 3
instead of 12. The spacecraft plant inputs in this case must be torques (T). Now, each axis can be
analyzed separately using the DF method, and that is not just roll, pitch, and yaw, but other skewed
axes in between, because each direction uses a unique set of thrusters and excites the structure
differently. The spacecraft torque is related to the jet forces by the following equation

T =V, F

Where:
Vtz(yl v, .. yj)where:yj=(lj><u,~)

V, = pseudo _inverse(V, )
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Where:

lj is the thruster (j) location relative to the spacecraft CG
Uj is the thrust direction for a thruster (j)
Vj is the torque on the spacecraft created by thruster (j)

But if the new plant input is torque, this torque it must be converted back into jet forces because the
original plant model requires forces and, therefore, we use the pseudo-inverse of (Vt), Vpinv, t0

create pseudo forces to the plant input from torques, Fj'et =V, T

These forces will not be the same as the original forces Fiet, but they will produce the same amount
of torque on the spacecraft. The biggest difference is that F’jet does not excite the structure the same
way as the original Fjet, but this is acceptable if we assume that the structure is sufficiently stiff
between the jets, and that flexibility is mainly due to the appendages, such as, solar array, antennas,
etc. It is, therefore, be acceptable to drive the plant input with F’je instead of the actual jet forces
Fiet, as long as both force excitations create the same torque. Figure (2.8.7) shows the two (3x3)
feedback interconnected systems: a non-linear (orange) block containing the controls and a linear
spacecraft dynamics (green) block, interacting by means of torques and body rates. The attitude
command is not shown because it does not affect stability.

Pseudo-Inverse

Torques Torques
Phase-Plane Matrix Matrix Flex
Jet-Select Spacecraft
Vt Vii
—P|rate  Fjet b » Fjet whb
Torques
Non-Linear

Dynamics Linear Dynamics

Figure 2.8.7 Modified Non-Linear System used for Describing-Function Analysis

The next step is to separate the above (3x3) systems to individual SISOs and analyze the dynamic
motion and stability as if the spacecraft is excited and can move only in one direction at a time. The
assumption is that since the system is strongly diagonally dominant by the selection of the jets, if it
is stable in all individual SISO directions, it will also be globally stable when it is fully coupled. Let
us assume, for example, that we are analyzing the pitch axis. We must first create a pitch SISO plant
model by applying a scalar torque in pitch and measure the vehicle response only in pitch, as shown
in Figure (2.8.8). Similarly, we can create a roll plant by changing the rotation input vector to (1 0
0), or a yaw plant (0 0 1), or a plan in any skewed direction, ex. (0.2 -0.4 0.5), defined by the
rotational vector. We are ignoring, of course, the cross-coupling between axes in order to be able to
use the DF method, but if the jets are properly selected the cross-axial coupling is negligible. So we
can use the model in figure (2.8.8) to calculate the frequency responses of the plants G(s) in many
different directions. The input is a scalar torque which is converted into vector torque in a specific
direction and the output is a scalar body rate which is obtained from the spacecraft rate vector
resolved in the same direction. This plant model connects with the phase-plane non-linearity of
which we shall calculate its DF using Simulink.
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Figure 2.8.8 Plant Model Resolved in a Single Direction (pitch shown above)

Calculating the Describing Function of the Phase-Plane Non-Linearity

We can also apply the same approach to decouple the non-linear control system to behave like a
SISO system in a specific rotational direction. Figure (2.8.9) shows the phase-plane non-linearity
converted into a SISO Simulink block. The input is a scalar body rate feedback coming from the
SISO vehicle model. It is converted to a vector (pitch rate in this example), and it is integrated to
obtain attitude. We are assuming that the signal is sinusoidal since we are examining the possibility
of limit-cycling. Attitude and rate errors drive the phase-plane (which is running slower, at 100
msec) and it generates the rate commands to the jet selection logic. The jet selection logic generates
the jet forces, which turn-off sequentially during the 100 msec control cycle, and generate the
control torque (T) after multiplying the acceleration matrix with the jet forces, T =V, F,. The

torque vector (T) is then resolved in a specific direction, pitch in this example, since the input rate
was also in pitch. The model in Figure (2.8.9) is used to calculate the DF of the phase-plane and jet-
selection logic together using Simulink. The direction of motion is defined by the rotation vector.
Notice, that because of the integrator the DF in this case N(e,w), is a function of both, error
amplitude and frequency.
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Figure 2.8.9 Non-Linear Control System Resolved in a Single Direction (pitch)
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The DF of the control logic is too complicated to be derived analytically and we will use a Matlab
program to calculate it from a Simulink model. The program that calculates the DF is
“DF_Calculate.m” and it is saved in folder “... \Examples\Flex Agile Spacecraft with SGCMG &
RCS\Reaction Control System Analysis\(i) Orbital Maneuvering-Reboost Phase\Describing
Function Analysis\DF Calculate”. It executes a Simulink model “DescFun_Sim.MdI” shown in
Figure (2.8.10). The non-linearity in the orange block is the SISO control logic at a single axis,
shown in figure (2.8.9).

DescFun_Sim.MdI
Calculates the Describing Function of a Non-Linearity Stop Simulat

at the end of
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-1 g x
>
> d

Imag Part of DF

Figure 2.8.10 Simulink Model that Computes the Describing Function of the Non-Linearity N(e)

The DF program runs this simulation multiple times inside two nested loops, for a range of
amplitudes and a range of frequencies. It calculates the Describing Function N(e,®) as a function of
input amplitude and input frequency and plots it in a 3-dimensional plot, as shown in Figure
(2.8.11). The DF represents the gain of the non-linearity for a sinusoidal input at a specific
amplitude and frequency, spacecraft torque over body rate in (ft-1b/rad/sec). The DF amplitude plots
show that N(e,®) is strongly dependent on the input amplitude (e), decreasing with amplitude. It
decreases also with frequency but much less. Overall, the magnitude of the DF in yaw is about 10
(dB) higher than roll because it needs more torque in yaw having larger moment of inertia in yaw.
The program also plots the (-1/N) magnitude versus phase that will be co-plotted with the Nichols
of G(s) for stability analysis and limit cycles determination, see Figure (2.8.12). The (-1/N) loci are
generated at specific frequencies of interest, starting at a low frequency 0.2 (rad/sec), the slosh
frequency 0.72 (rad/sec), the roll appendage frequency 3.19 (rad/sec), and another appendage mode
5.84 (rad/sec) predominant in yaw.
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Figure 2.8.11 Describing Function of the Control System in Roll and Yaw as a Function of Spacecraft Input Rate
(rad) and Input Frequency (rad/sec)
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Plant Models

Just like in the time-domain simulation we have also created two different plant models for
frequency domain stability analysis. The reason is to compare the efficiency of the two approaches
in modeling the spacecraft dynamics, and to make sure that there are no modeling errors. The files
for this frequency domain analysis are in folder ““... \Examples\Flex Agile Spacecraft with SGCMG
& RCS\Reaction Control System Analysis\ (i) Orbital Maneuvering-Reboost Phase\Describing
Function Analysis”. The first plant model uses the spacecraft state-space system for the reboost
phase “reboost_fvp_s.m”, title “Flexible Agile Spacecraft, Reboost Model” that was created by the
flight vehicle modeling program in Section 1.2. This model is very similar but not identical to the
zero-g model that was used earlier. It includes the slosh mode of the fuel tank, and also has a non-
zero axial acceleration Ax in the vehicle data that defines the slosh frequency. It is implemented as
a continuous state-space model inside the Simulink model “Open-Loop-FVP.mdI”, shown in Figure
(2.8.4). 1t is forced to behave like a SISO system by directing the torque excitation in a specific
rotational direction and also by resolving the motion in the same direction, as already discussed.

We also have a second spacecraft model that was created differently but it was also shaped in a
similar structure, shown in Figure (2.8.13). This green spacecraft block consists of three separate
subsystems which are combined together inside the Simulink model “Open_Loop_ FEM.mdl”, see
Figure (2.8.14). The rigid-body dynamics is implemented inside the Matlab function
“RB_Dynamics.m”. The flex dynamics, consisting only of flex modes, is loaded as a continuous
state-space system from file “flex_only fem_s.m”, which was created in Section 2.1. The third
subsystem inside the Simulink model is a linearized version of the slosh pendulum model. This is
implemented inside the Matlab function “Slosh_Lin.m”. It creates forces at the tank as a function of
vehicle acceleration, similar to the non-linear slosh model discussed earlier. The yellow “Unit
Vector” block guarantees that the rotational direction entered is converted into a unit vector.
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Figure 2.8.13 Simulink Model “Open_Loop_FEM.mdI” for Frequency Domain Analysis using the DF
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Figure 2.8.14 Spacecraft Dynamics Block inside “Open_Loop_FEM.mdlI”

The file “run_freg.m” loads the system parameters and calculates frequency responses in roll and
yaw from the two spacecraft models. The results from the two systems are co-plotted in Figure
(2.8.15) and they are identical in all directions.
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Frequency Responses ofthe Two Models in the Roll Direction are Identical

Bode Diagram
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Frequency Responses of the Two Models in the Yaw Direction are Identical
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Figure 2.8.15 Frequency Responses from the Two Systems are Identical in all Directions
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Stability Analysis Using the DF

The sampling frequency of the control loop is at 10 Hz and, therefore, in the DF analysis the plant
should be sampled at 10 Hz. In the DF analysis we co-plot the Nichols of the G(s) with the -1/N(e)
locus and hope that there are no intersections. The DF in this case is frequency dependent and it
would require a 3-d illustration but we can take advantage that the -1/N(e) does not vary much with
frequency. We can plot only a few of the loci, -1/N(e,w1), -1/N(e,®2), -1/N(e,m3), where i
correspond to some of the big resonances, that stick out, such as slosh and a couple of appendage
modes below 5 Hz and overlay them with the G(s) of the linear plant. This analysis must be
repeated for at least 3 directions separately, roll, pitch, yaw, plus a few additional skewed
directions, but we are only showing a couple cases. The file “run_freq” discretizes the two Simulink
models “Open_Loop FEM.mdI” and “Open_Loop_FVP.mdl” and calculates the Nichols plots
shown in Figure (2.8.15) for roll and yaw. The Describing Function overlay was done manually
from the plots in Figure (2.8.12). There is a slight difference in the size of the slosh resonance
between the models, appearing in the roll direction. The results clearly indicate that this system is
not threatened by limit cycles in neither direction. In fact, all resonances are well behaved in phase,
exhibiting min-phase type behavior.
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3. Spacecraft Controlled by an Array of
Single Gimbal Control Moment Gyros

This section provides a detailed tutorial on designing spacecraft Attitude Control Systems using
Single-Gimbal Control Moment Gyro devices. We will use the same spacecraft model that was
described in the previous section using RCS and design an alternate ACS that uses SG-CMGs. The
ACS consists of a cluster of four SG-CMGs mounted together on a solid structure near the center of
the spacecraft. They are controlled by a non-linear Max Energy control logic that attempts to use the
maximum control torque and momentum capability of the CMG devices to improve (in comparison
with linear controls) the spacecraft ability to maneuver. The control law also uses a steering logic
that prevents CMG singularities. Singularities or “gimbal locks” occur when the SGCMG cluster
cannot provide torque in a required direction. In the following sections we will discuss the SGCMG
dynamics, the equations of motion of a spacecraft with SG-CMGs, design the control and steering
laws, and describe the simulation models. We start with simple rigid-body models that exclude the
CMG gimbal dynamics and the flexibility of the structure, and we gradually upgrade the models
with more details. We finally analyze a low cost configuration that uses a combination of one
reaction wheel and two CMGs. The flex spacecraft models are created using two separate Flixan
modeling programs for comparison.
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3.1 CMG Array Geometry

A single gimbal control moment gyroscope (SGCMG) is shown in Figure 3.1. It consists of a
spinning rotor that is mounted on gimbal perpendicular to the rotor axis. The rotor spin rate is
maintained at a constant speed by a small motor that produces a constant angular momentum (hemg).
The momentum direction can be rotated by a stronger motor which is mounted at the gimbal. The
gimbal motor controls the gimbaling rate, and hence the output torque. By commanding the gimbal
to rotate (by means of a servo system that controls the gimbal motor), high precession torques are
generated by changing the orientation of the angular momentum vector. The reaction torque on the

spacecraft (T) is equal and opposite to the rate of change in momentum vectorh, which is
orthogonal to the momentum vector and the gimbaling vector according to the right hand rule. At
any instant it is a function of the gimbal position. In fact the torque magnitude is equal to the CMG
momentum multiplied by the gimbal rate. A CMG generates much greater torques than a reaction
wheel and for this reason it is very attractive in high torque and fast maneuvering spacecraft
applications. Notice also, that the SG-CMGs generate the high precession torques without requiring
high power.

Gyro Effect Torque
T

Gimbal Motor Gyro Motor

~ Flywheel

Gimbal
= - .
Mechanism & ) ~——

Angular Momentum Vector

Figure 3.1 Single-Gimbal Control Moment Gyro

Another attractive feature of CMGs compared with reaction wheels is that the rotor in a CMG spins
at a constant rate which places the vibrations at known frequencies while in a RW, the rotor speed
changes, thus, exciting the spacecraft structure in multiple frequencies which may not be desirable
in precision applications. CMGs, however, are complex systems, expensive, and require complex
controls with singularity avoidance algorithms. Figure 3.2 shows a picture of a SG-CMG. It consists
of a rotor that spins at a constant high rate about an axis that can be rotated. There is also a torque
motor assembly that rotates the rotor about a gimbal axis that is fixed relative to the spacecraft, and
a position sensor that measures the gimbal rotation relative to the spacecraft.
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Figure 3.2 Single Gimbal Control Moment Gyro
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The momentum of one CMG about the Gimbal, Output, and Spin axes can be calculated as a

function of the spinning rotor momentum and the spacecraft rotation rate in CMG axes.
h, 3,6

h, |= J0(¢0035—95in5) (3.1)
h, h0+Js(¢9cos5+¢Zsin5)

Figure 2.3 defines the orientation of a Single Gimbal CMG vectors with respect to the spacecraft
axes. The rate of change of momentum which is the moment generated by a SGCMG in the Gimbal,
Output, and Spin axes respectively as a result of gimbaling and base motion are:

MG Tgi
M, |= Jo(ﬁcosé—gziéi sin g — 6o, cosé—ésin§)+ hyd, + 38,3, —Jg)(éc055+¢3sin5)
M JS(Q+éc055+g}5sin5+¢55i cos S — 60, sin5)+5i(Jg —JO)(ngcosé—ésina)

(3.2)
The reaction torque on the spacecraft is minus [Mg, Mo, Ms]
Where
Jg is the CMG inertia about its gimbal axis
Jo is the CMG inertia about its output axis
Js is the CMG inertia about its spin axis
Tgi is the torque applied by the torque motor at the gimbal
0; is the gimbal inertial angular acceleration including spacecraft
1) is the CMG gimbal rotation about the m axis with respect to spacecraft r axis
ho is the constant CMG momentum about its spin axis (1sQ2)
Q is the rotor spin acceleration
0 is the vehicle rate in the CMG r axis
é is the vehicle rate in the CMG g axis
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Figure 3.3 Orientation of a CMG in Spacecraft Coordinates
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The Qutput Torque is
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position of the momentum

orthogonal tom, and r,

The rotation rates of the CMG axes can be related to the spacecraft body rate. If ® is the spacecraft
body rate vector (ox , oy, z), the following relationships resolve the spacecraft rates about the
CMG axes: (r, g, m). 6 and ¢ are the spacecraft rates resolved about the CMG reference and quad

axes. The gimbal rate 5, in addition to the gimbal rate relative to spacecrafts it includes also the

spacecraft rate about the CMG gimbal.

0 = w, COSy +m, Siny

@ =—w, COS FSiny + m, COS FCOSy + w, Sin (3.3)
S, =0+ w, sin Bsiny —w, sin fC0Sy + @, COS 8
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The following projection matrix (P) transforms the CMG torques from CMG axis to spacecraft axis.

M, sinfsiny  —sindcosy —cosdcos fsiny CoSACoSy —sindcos gsiny (Mg
M, [=|-sinfcosy —sindsiny+CcosSdcosFcosy Cosdsiny +sindcosfcosy | M,
M, cos cososin g singsin g M,

When CMGs are used to steer spacecraft, at least three CMGs are needed to provide 3 axes control.
If we consider an array of SGCMG mounted on the surfaces of a pyramid with their gimbal axes
directions (m;) perpendicular to the corresponding surface and the momentum direction (h;) always
aligned with the surface of the pyramid as the gimbal oi rotates. The output torque from each CMG
is equal to the rate of change of angular momentum which is in the (m; x h;) direction and

proportional to the gimbal rate &,. From the pyramid surfaces orientations we can calculate some
important matrices that will be used in the equations of motion.

CMG
Gimbal
Axes
Spin
Axis
h
Gimbal *
Axis h
o  Torque CMG o

Axis

h Array

Figure 3.4 Array of five CMGs in a Pyramid Configuration
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Let us consider the CMG pyramid arrangement presented in this example shown in Figure 3.5. The
spacecraft has four SGCMGs which are mounted to the four faces of a four sided pyramid. All
CMGs have the same angular momentum, hecmg=1200 (ft-1b-sec) about their spin axis. Their CMG
momentum vectors (h;) can be rotated about the gimbal vectors (&i), which are perpendicular to each
surface, and they are constrained to lay parallel to the surface of the pyramid. The pyramid angle
is 68 (deg), and the vyi angles of the four surfaces, according to figure (3.3), are: (90°, 180°, 270°, and
0°). The columns of the following (3x4) matrix M gcontains the four gimbal direction unit vectors

m;. It is a gimbal to body transformation matrix.

sin g, siny,
M ZM1 m, m, m4]Wh9fei m; =| —sin f; cosy,
COS p;
ﬂl (3'5)
sing 0 —sing 0 0927 0 -0.927 0
M= 0 sing 0 -sing|=| 0 0.927 0 -0.927

cosp cosf cosp cosp 0.375 0.375 0.375 0.375

The (3x4) matrix [R] represents the momentum reference directions. That is, the initial directions r;
of the momentum vectors hemg(i). More precisely, are the momentum directions when the gimbal
angles (&i) are at zero. The initial gimbal angles 80i=0 to provide zero momentum bias.

COSY; 0 -1 0 1
R=[r, r, r, r,Jwhere:r,=|siny, |; R=|1 0 -1 0 (3.6)
0 0O 0 0 O

We must also define a (3x4) matrix Q, containing column vectors of the cross product direction unit

vectors (gi).

Q=|31 92 93 94J; 9i=(mi><£i);
-0.375 0 0.375 0

Q= 0 -0.375 0 0.375
0.927 0.927 0.927 0.927

(3.7)

Notice, that the pyramid structure is only used for visualization. The CMGs do not have to be
physically mounted on the four surfaces of an actual pyramid, as in Figure 3.5, but they can be
translated anywhere on the spacecraft as long as their gimbal axes (mi) and their reference
momentum vectors (r;) are parallel to the directions shown in the pyramid. See, for example, the
CMG cluster in Figure 3.6. The CMGs are typically mounted on a structure that it is mechanically
isolated from the spacecraft by means of vibration isolation struts, as shown in Figure 3.6, that
attenuate vibrations from the CMGs.
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G is the CMG gimbal axis direction
h  is the initial CMG momentum direction
hux is the initial CMG torque direction

Figure 3.6 A Cluster of four Single Gimbal CMGs mounted on a pyramid structure which is isolated
from the spacecraft by means of disturbance isolation struts
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3.2 Dynamic Equations of a Spacecraft with SGCMG

The combined spacecraft plus CMG rate of change of momentum is related to the external torques
as follows:

ﬂsys +Qxﬂsys :I

ext (3 8)

Where:

Hsys is the total system momentum,
Text IS the external torque vector and
[0 is the spacecraft angular rate.

By introducing the internal CMG torque we separate the spacecraft and CMG rate of change of
momentum equations and solve for the spacecraft rate @ as a function of internal plus external
torques

‘]ch =—wX Jch"'Icmg +-|_-ext

ﬂcmg +@x ﬂcmg = _Icmg (3.11)

The total system momentum is constant and it consists of spacecraft plus CMG momentum.
Hy =J.@+H

—sys cmg
The internal CMG torque (Tcmg) applied to the spacecraft is equal and opposite to the torque applied
to the CMG array. It consists of the control torque (Tcon) intended to control the spacecraft which is

also the rate of change in the CMG momentum, and the gyroscopic torque wx H . The control
torque (Tcon) is @ non-linear function of the gimbal angles and gimbal rates.

Tcon = _[A(a)]é = _H cmg (3.12)

The CMG array angular momentum vector in body axes (Hcmg) is also related to the individual
CMG momentum defined in CMG axes, (Gimbal, Output, and Spin axes), as follows

Ncmg hG
H..=> Plh
—cmg ; il 0 (2'13)
h )

Where: matrix P;i transforms the CMG (i) momentum from (Gimbal, Output, Spin) axes to
spacecraft axes. Similarly, the CMG control torques are transformed from CMG axes to spacecraft
axes, and they are combined to form the total CMG torque.
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S/ (3.14)

Mg Ty
M, |= Jo(q'ﬁ'cos&—w'i sin g — 69, cosé—ésingé)+h05i+5i(Js—Jg)(6'?cos§+¢Zsin5)
M JS(Q+650035+¢'sin5+¢5i oSS — 65, sin5)+5i(Jg—JO)(¢'COS5—9'sin5)
sinfgsiny  —sindCoSy —COSO COS fSiny  COSO COSy —sind cos Asin y
P.=|—-sincosy —sindsiny +Ccosdcosfcosy C€osdsiny +sindcos fcosy
cos cososin g sinosin g

By combining equations (3.11) and (3.12) we can rewrite equation (3.11) in terms of only the
control torque instead of the total CMG torque (Tcmg) as shown in (3.15). Tcon iS the steering torque
designed to shape the spacecraft rate as commanded by the Attitude Control System. Equations
(3.15) can be used instead of (3.11) in simple 6-dof simulations that do not require gimbal torque
dynamics and flexibility.

‘]SCQ + (QX ﬂsyS)z TCOI’] +Iext

ﬂcmg = _Icon (3'15)

If we consider only the CMG momentum about its spin axes and ignore the momentum about the
gimbal and output axes (which are small), the combined CMG angular momentum vector is a
function of the individual CMG momentums hemgi) and also a function of their spin axis
orientations, as shown in equation (3.16). For a more accurate implementation that includes also the
effects due to the gimbal torques we may calculate the CMG momentum (Hcmg) by integrating
equation (3.11) using Temg from (3.14).

Ncmg
ﬂcmg = Z(COS §i [i +SINn 5i ﬂi )hcmg(i) (3.16)

i=1

The matrix A that relates the gimbal rates to rate of change in CMG momentum is a (3 X Ncmg)
matrix consisting of (Ncmg) column vectors a; . Its elements vary with the gimbal angles (&i).

A(5):(§1 a, a3 24) where :

a; = (005,5i g, —sing I, )h (3.17)

cmg (i)
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i is the gimbal angle for CMG (i)

i IS a unit vector of the initial momentum direction for CMG (i)

mi IS a unit vector of the gimbal direction for CMG (i)

Qi is the orthogonal direction (mi x r;) for CMG (i)

Teon IS the control torque applied to the gimbal by the motor

Ty is the gyroscopic torque —wx H ,, resolved in gimbal (i) direction

M g is the (3 x 4) transformation matrix from gimbal axis to body axis
hemg(i) 1S the momentum of CMG (i) about its spin axis, which is constant.

The CMG gimbal rates are controlled by a servo system that generates gimbal torques. The servo
torque at the gimbal of each CMG is attempting to counteract the gyroscopic disturbance torque
created by the spacecraft rate.d and ¢ are the spacecraft rates resolved about the CMG reference
and quad axes, as defined in equation (3.3). The CMG gimbal inertial acceleration is obtained by
integrating the gimbal moment equation (3.18) ignoring friction. Tg; is the motor torque applied at
each gimbal (i). Even though the CMG moment of inertia about the gimbal Jq is relatively small, the
woxh, . gyroscopic moment caused by the CMG momentum coupling with spacecraft rate is a big

torque that requires a powerful gimbal servo-motor in order to be able to control the gimbal rate.

J,6,+h (49'sin5—¢§cosé):Tgi (3.18)

cmg (i)

The attitude quaternion is updated by integrating the quaternion rate which is a function of the body
rate and the current quaternion, as shown in equation (2.19)

0 w, -0,
: -w, 0 W
_ 05 3 1 2
9 w, - 0 o, 9 (3.19)
—o —w, -o, 0]

The pseudo-inverse of matrix A is used to calculate the SGCMG steering law

S = A(5)+(Jsca')com+(a)xH (3.20)

com syS Jestim

After substituting in equation (2.12) it makes the vehicle rate to be equal to the commanded rate.

W = O
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Linearized Equations of Spacecraft with SGCMGs

The rate of change in CMG momentum is shown in equation (3.21), where: (®xo, ®yo, ®z0) is the
nominal (steady) body rate and (wx, oy, ®;) is the variation in vehicle rate. Similarly, (Hxo,
Hyvo, Hzo) is the nominal (steady) CMG array momentum and (hy, hy, h;) is the variation in CMG
momentum. Temg iS the torque applied to the vehicle generated by the CMG array.

I;]x Wy hx Wy HXO
Ny |=— @y |X] Ny | = @y x| Hyo |=Teng (3.21)
hz a)zo hz a)z HZO

The CMG torque as a function of the spacecraft rates, and the gimbal angles and rates is:

Nemg Tgi
Temg == 2P| Nmgy0: + (9, - J, Xéo C0S 5, + ¢, Sin 50)5i
= (9, = 3, X cos 5, — 6, 5in 5,)5, | (3.22)

The CMG gimbal accelerations in the linearized model are obtained by linearizing equation (2.18)

3,8 =T, —Nonsy 6y 058, 5+ dy sin 5, 5 +sin 5,0 —cos 6of)  (3.29)
where:

(6,.4,,3,)  are the nominal values of vehicle and gimbal rates

(¢9¢5) are the variations in vehicle and gimbal rates
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3.3 Maximum Energy Control

The momentum exchange devices, such as Control Moment Gyros or Reaction Wheels have limits
in torque and momentum capability. Linear control laws are too slow for agile spacecraft
maneuvering because they do not utilize the max torque and momentum capability of the device.
For fast maneuvering between targets the spacecraft control law should be able to utilize the max
torque and momentum capability of the momentum exchange device.

Let us consider the rectangular torque profile for a bang-bang, time optimal maneuver shown in
Figure 2.3.1(a). A desired slew maneuver usually requires two torque pulses, one to initiate the
maneuver and the other to stop the maneuver once the desired angle has been achieved. Using the
figure, the maneuver time ts, the maximum torque magnitude T, and the maneuver angle 0, are
related as follows:

. 4]
T = I9=t—29 (3.3.1)
Where:
. 2.
0= t—9m (3.3.2)

S

is the acceleration expressed in terms of the maximum rate,8,, and in terms of the spacecraft

moment of inertia I, about the maneuvering axis. In a typical bang-bang maneuver we have two
types of situations: (a) when you apply max torque during half of the maneuvering time and then
reverse and apply negative torque during the second half of the maneuver, without the spacecraft
rate reaching the max momentum capability of the device, and (b) when you apply max torque for a
period t1 until the momentum device reaches near saturation, followed by a zero torque coasting
period (t1 to t2), and at t2 the torque is reversed to max negative value and applied for the same
amount of time (t2 to t3) until the spacecraft reaches target position.
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coast

Figure 2.3.1 Bang-Bang Maneuvers

The maximum energy control is a phase-plane control law that attempts to perform a similar type of
bang-bang fast maneuvering in three directions. It operates in two distinct modes to achieve good
performance; the phase-plane mode, and the PID mode, and it uses a switching logic to switch
between the two modes. The phase-plane mode provides the fast maneuvering feature, while at
steady-state the PID provides good tracking capability.

During maneuvering the logic calculates the quaternion error between current and the desired target
positions and performs the maneuver in the quaternion error eigenaxis. The phase-plane
maneuvering logic uses a three-degree-of-freedom switching line to converge the attitude versus
rate error trajectory to zero (target position). The switching line is calculated based on the maximum
acceleration capability of the CMG. In the beginning of the maneuver the spacecraft uses maximum
CMG torque in the error direction and it reverses the torque when the trajectory reaches the
switching line. Then it follows the switching trajectory to zero. There are limits, of course, that
prevent the spacecraft rate from exceeding max rate and acceleration limits. When the spacecraft
approaches near the target position the logic switches to PID mode which provides good tracking by
further minimizing the attitude error. Maintaining a constant eigenaxis creates a very stable
maneuver. The attitude errors are maintained proportional in all directions and they are all brought
to zero in unison.
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Maneuvering Phase-Plane Logic

For a single axis rotation the control torque switching line in the rate versus attitude error phase-
plane is as follows:

X =.-2a;,X when x<0
X =—2a,,X when x>0

where: aiim is the acceleration limit and it is defined by the ratio of maximum torque over inertia in
that direction:
T

__ _max
a‘Iim -

For a three axes rotation, the phase plane switching line becomes
. 2X?
X, =
x2x2 Kl (3.3.3)
A tartar
1 2 3

Where: A1, A2, and As are the acceleration limits in spacecraft body directions.
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Attitude Control System Description

The maximum energy control system block diagram is shown in Figure 3.3.2. It consists of an inner
rate control loop (D) and an outer (PI) attitude control loop. The CMG array steering logic is also
included in the rate control loop. The inner rate control loop must be designed first. It receives a
body rate command from the attitude controller and regulates the vehicle rate by issuing
acceleration commands to the RW steering logic. If the bandwidth of the rate loop is sufficiently

high to keep up with the body rate command then we can assume that (@ = @,) and continue with
the outer loop.

Inner Rate Loop

The rate control loop regulates the spacecraft rate. It receives (roll, pitch, and yaw) rate error
commands which become acceleration commands that drive the CMG steering law. The steering

law generates the CMG gimbal rate commands (5., ). An acceleration limiter (AL) is included in

the rate loop that prevents the CMG torque commands from exceeding their maximum torque
capability. The steering law is given in equation (3.3.4). It uses a pseudo-inverse of matrix A which
is defined in equation 3.15 and it is a function of the gimbal angles &i

Do = K; Dy

AL

if |Qcom| > AL’ Qcom = Qcom m (334)
~Zcom

é‘com = _[AT (AAT )_l +AE ]‘J Qcom

Depending on the orientation of the gimbal angles &i the pseudo-inverse matrix may become
singular. To avoid the singularity, the pseudo-inverse matrix is modified using a singularity
avoidance logic (LE), where:

1 0.01sin(wt)  0.01cos(wt + %)
E=| 0.0Lsin(wt) 1 0.01sin(wt —Z%) |and 2 =LT
2 det(AA")
0.01cos(wt +%) 0.01sin(wt —%) 1

Where: w and k are properly selected. The singularity avoidance logic checks the condition of the A
matrix and introduces a small perturbation to prevent a gimbal lock. When the matrix A is moving
towards a singularity the perturbation rotates around it. The closer to a singularity the bigger the
perturbation gets.
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Attitude Control Loop

The input to the attitude control loop is the attitude error, or more precisely, quaternion error. The
attitude error signal goes to the PI controller that operates in two modes based on the switch ky
which is either set to zero or one. During maneuvering (when ky=1) the controller becomes a simple
proportional gain Kp. Otherwise, during PID mode, (that is when ky=0) the block becomes a PI
transfer function K, s+b that provides better tracking and disturbance attenuation at low
S

frequencies. The switch setting is controlled by a signal that is a combination of rate plus attitude
error. In the beginning of the maneuver when this error signal is large ky is set to 1. When the error
signal drops below a certain value ky is set to zero and the integrator is turned on.

Energy Velocity - Acceleration
it Pl-control Manager Limit Comd Rate Limit
Altitude )

Commd (S + b) \ ‘ @, Cominol /_
(+k,b) [ 7|

o _.0k=0(PID) Ii\.\-' ’
& Acceler
k=1 (PD) Commd o
Turn on the PID Rate RW
when the attitude Control - :
errors are small Loop Steering
RW
itud lorque
Attitude
Control )
Loo : Vehicle
d Attitude :
Dynamics

Figure 3.3.2 Block Diagram of Maximum Energy Control System

The energy manager block shapes the velocity command as a function of the attitude error in order
to bring the phase-plane trajectory directly to zero without chattering, according to the parabolic
switching line in equation (3.3.3). This maintains a proportional attitude error reduction in all
directions throughout the maneuver. The velocity limiter in series with the energy limiter bounds
the vehicle rate during the acceleration phase of the maneuver. It also bounds the CMG momentum
during maneuvering preventing it from reaching saturation levels.
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3.4 Simulation Models

In this section we are presenting simulations and analysis of the agile spacecraft controlled by an
array of four SGCMG. We start with a simple rigid-body simulation model that uses equations
(2.13) and is assuming that the gimbal rates are equal to the gimbal rate commands coming from the
steering logic. The CMG momentum is calculated from equation (3.14) as a function of the gimbal
angles. The gimbal rate commands are calculated by the steering logic which was described in

equation 3.3.4. The control torque on the spacecraft isT ., = —[A(5)]§. This model is used for

initial evaluation of the control law before advancing into more complex models. The second
simulation model is still rigid-body uses equations (3.11) and (3.12). The CMG torque in addition to
the control torque Tcon it contains also an estimate of the gyroscopic torques. The CMG momentum
is calculated by integrating the second part of equation (3.11). The CMG torques are calculated
from equations (3.2), (3.4) and (3.10). The gimbal rates are calculated by integrating equation
(3.16). The gimbal torque Tgi is provided by a gimbal torque motor servo system. The quaternion
output is obtained by integrating equation (3.17). The third simulation model is similar to the
second one but it was adjusted to include structural bending.

3.4.1 Max-Energy/ 4 CMG Simple Rigid Body Simulation

Figure 3.4.1.1 shows the Max-Energy Attitude Control System simple simulation model that uses
four Single-Gimbal CMGs. It is implemented in a Simulink file “MaxEn-NonLin_4SGCMG.mdI”
which is located in folder “...\Examples\Flex Agile Spacecraft with SGCMG & RCS\CMG
Control\(a) Simple RigBody 4SGCMG ACS”. It consists of three major blocks: the Attitude Control
System, the inner rate loop and Steering logic block, and the spacecraft/ CMG dynamics. The ACS
receives a quaternion command which is compared with the spacecraft quaternion attitude to
generate the error signal which drives the Steering logic and rotates the spacecraft.

body rates
i Singularity Avoidance Spacecraft
Attitude . . .
& Steering Logic Dynamics
Control
Quaternion System
Command
delta ————Pp»|delta wh
Generator —P|wd gimbals
Qcom +————  P»{qc we ———Pp»{we
rate
error
P> |of deldot ——»|deldot  quatern

attitude quaternion

Figure 3.4.1.1 Max-Energy ACS Simulation Model “MaxEn_NonLin_4SGCMG.mdI”
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The spacecraft and CMG dynamics (green block) is implemented in Matlab function
“CMG_Dynamics.m”. The inputs are CMG gimbal angles and gimbal rates in (radian). The outputs
are body rates, and attitude quaternion.

wu

Int7

delta imbal anal wh
e gimbal angles > s T
deldot ibal wb Product
- gimbal rates ) T El < exis
MATLAB | - Homg
Function xdot T 5 >
P —»
Spacecraft + CMG " 4 -
Dynamics Hsys quatemn
| Tcmg sin
\/ Lad
External Temg '
Torque acos(q4)
rot angle
(deg)
= <4
Hﬁﬁi 2*r2d
theta
function dot= CMG_Dynamics(delta,deldot,x,Td) % s/c Dynamics with CMG
global J Jinv m ref quad hcmg d2r r2d wcmg zeta
% State Variables (X)
% x(1-3) = Body rates ) (rad/sec)
% x(4-7) = Quaternion
% Inputs:
% Td(3) = Disturbance Torque (ft-1b)
% delta(4) = Gimbal Deflections (rad)
% deldot(4)= Gimbal Rates (rad/sec)
dot= zeros(16,1);
w= x(1:3);
h= [0 0 0]";
for i=1:4
A(z, D)= (-sin(delta(i))*ref(:,i) + cos(delta(i))*quad(:,i))*hcmg(i);
h=h+ (cos(delta(i))*ref(:,i) + sin(delta(i))*quad(:,i))*hcmg(i);
§ harray(:,i1)= (cos(delta(i))*ref(:,i1) + sin(delta(i))*quad(:,i))*hcmg(i);
en
hs = J*w + h; % System Momentum
Temg = -A*deldot -cross(w,h); % CMG Control Torque
dot(1:3)= Jinv*(Tcmg - cross(w,J*w) +Td); % Vehicle acceleration
dot(4:7)= 0.5*[0( N w(3) —WEZ% ngg; % Quaternion Update
-w(3 0 w(l w(2);
w(2) -w(l) 0 w(3);
-w(1) -w(2) -w(3) 01*x(4:7);
dot(8:10) = h; % CMG Momentum in body
dot(11:13)= hs; % System Momentum
dot(14:16)= Tcmg; % CMG Torques
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The inner rate control loop and Steering Logic (middle block in Figure (3.4.1.2) is implemented in
Matlab function “Steering.m”. It receives the rate error command from ACS and calculates the

gimbal rate command d,,, -

Rate Controller, Steering wh
and CMG Dynamics

Torq

EI det

wdot-com »EI
= L@
det
we
Rate Error deldot
MATLAB | deldot H-
delta > Function
Steering deldot deldot_com delde
< ) > - delta }
Cloek Gimbal Rate MG D - delta
> Commands ynamics

- (rad/sec)
time

Figure 3.4.1.2 Inner Rate Loop and Steering Logic

function dot= Steering(wdcom,we,delta,t)
global J m ref quad hcmg d2r r2d wemg zeta
global Acc_Lim Rat_Lim kr Es Ps Fs

%

% State Variables (x)

% x(1-3) =Jerk Limiter

% we(3) = Vehicle rate error

% delta(4)= Gimbal angles

dot= zeros(7,1); % 7 outputs
fori=1:4

A(:,i)=(-sin(delta(i))*ref(:,i) + cos(delta(i))*quad(:,i))*hcmg(i);
end
wdot= kr*we; % rate error

% Variable Acceleration Limit

wdotlim= sqrt(Acc_Lim*sqrt(we'*we));

wdotrate= sqrt(wdot'*wdot);

if wdotrate>wdotlim; wdot=wdot*wdotlim/wdotrate; end

% Fixed Rate Limit

wdotmag= sqrt(wdot'*wdot); dot(1)= wdotmag;

if wdotmag > Rat_Lim; wdot= wdot*Rat_Lim/wdotmag; end

hdot = J*wdot; dot(2)= sqrt(hdot'*hdot); % Desired torque

% Singularity avoidance
dot(3)=det(A*A'); lamb= Ps/det(A*A");

E=[1 Es*sin(Fs*t) Es*cos(Fs*t+pi/2);
Es*sin(Fs*t) 1 Es*sin(Fs*t-pi/2);
Es*cos(Fs*t+pi/2) Es*sin(Fs*t-pi/2) 1];

pinverse= A'"*inv(A*A' + lamb*E);
dot(4:7)= -pinverse*hdot; % Delta dot command
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The CMG dynamics block captures the CMG second order dynamics and the gimbal rate and
acceleration limits. The outputs from the CMG dynamics block are CMG gimbal rates and gimbal

angles, (5,,5,).

CMG dynamics with

delta

rate and acceleration limits Gimbal
delddot 1 Angles
N H >
2z/w e delta
— — &
Gimbal deldd delta
Rate deldot
Comds Aclim Welim —»(1)
1 1
-, > g ’@ ’E[ »= Gimba
deldc Wh2 — — deldot  Rates
—>]den]
deld

The ACS Max-Energy ACS block is shown expanded below and its logic is implemented in
function “Max_Energy_ACS.m”. The algorithm generates a vehicle rate command (wc) from which
the body rate (wp) is subtracted to calculate the rate error (Wer) Which commands the inner rate
control loop. The PID integrator switching logic is also implemented in this function.

filt intgr

=

Max-Energy Attitude Control Logic

X }E ACS states
x4 x5
kay
x_dot ka E
-~ ’
Int5
oO— =
Qe2Ater |—> quatern
qc >I | »El error (3)
MATLAB qe id 12d
af ; 1 ge wed
> Function »D »El
X Max-Energy we wed
CO—7—> ACS
b we
—>
rate error

errinx IEI‘T
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Simulation Results

The initialization file “Start.m” initializes the Simulink models before running the simulations. This
m-file loads the spacecraft mass properties, CMG parameters, and a transformation matrix Tc2b
from CMG to body coordinates. It calls function M4.m to calculate the matrices M, R, and Q. It
defines the CMG gimbal system bandwidth, damping, plus gimbal rate and acceleration limits. It
defines also spacecraft ACS and steering max rate limits and max accelerations, ACS gains, the
singularity avoidance parameters, and the rotation command eigenaxis. The rotation angle
command is defined inside the quaternion command yellow block in the simulation model. The
simulation results in Figure (3.4.1.3) show the ACS response to a 90° maneuver.

90 deg maneuver about axis [0.8, 0.8, 0.4]

100
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0 3
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Figure 3.4.1.3(a) System performs a perfect rotation about the commanded eigenaxis achieving very
small attitude errors in 20 seconds.

124



90 deg maneuver about axis [0.8, -0.8, 0.4]
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Figure 3.4.1.3(b) Max acceleration is used to reach max momentum capability where the vehicle
maintains constant rate until acceleration is reversed to slow it down to its target position.
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90 deg maneuver about axis [0.8, -0.8, 0.4]

Gimbal Rate (deg/s)
o
Gimbal Rate (deg/s)
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Time

90 deg maneuver about axis [0.8, 0.8,0.4]
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Figure 3.4.1.3(c) System momentum remains constant (zero) throughout the maneuver. At approx. 20
seconds the PID integrators are turned on to further attenuate attitude errors. The gimbal angles are
at constant positions during the middle section of the maneuver maximizing the spacecraft momentum
along the commanded eigenaxis. The gimbal rates and torques are zero when the momentum is
constant.
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Linear Frequency Domain Analysis

The file “freq.m” performs linear analysis in the frequency domain. It linearizes two Simulink
models. The open-loop model “Open-Loop.mdl” in figure (2.4.1.4) is used to calculate the
frequency response and the phase/ gain margins shown highlighted red in figure (2.4.1.5). In the
following example we calculate the frequency response across the open yaw loop with the pitch and

roll loops closed.

Attitude
Singularity Avoidance Spacecraft Control
& Steering Logic Dynamics System
> delta —Pp»{delta wb —P»|wb
] —> we we
in
g deldot —»|deldot  quatern ——»{qf

rate
error

>

Figure 3.4.1.4 Linear Model “Open_Loop.mdI”” used for Stability Analysis

Yaw Axis Stability
Michals Chart
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100 -
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/

135

180

Open-Loap Phase (deg)

225

Figure 3.4.1.5 Stability margins in yaw, roll and pitch are almost identical
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The closed-loop model “Closed _Loop.mdl” in Figure (3.4.1.6) performs sensitivity analysis to
external disturbances in the frequency domain. Figure (3.4.1.7) shows the spacecraft attitude
sensitivity response to disturbance torques. These frequency analysis models use linearized versions
of the attitude control system with the PID integrator turned on. They also use the Matlab functions
“Lin_ACS.m”, and “Lin-Steering.m” that have all the non-linear controls taken out.

quaternion feedback

body rate feedback
Attitude
Control Singularity Avoidance Spacecraft
System1 & Steering Logic Dynamics
L—P{wb delta —p|delta whb
we ————P»|we
rate
L pqf error deldot +——p»|deldot quat
theta
Tdist theta ————p((1 )
Tdist attitude
disturb torque (3) dispersion

Figure 3.4.1.6 Closed-Loop Model “Closed_Loop.mdl” Used for Sensitivity Analysis
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Figure 3.4.1.7 Sensitivity Analysis Sigma plot between disturbance torque (vector) and attitude errors

128



3.4.2 Detailed Simulation Model using 4 CMG and Max-Energy Control

Our previous CMG simulation model was a simple introduction. In this section we will upgrade it
by including more details in the CMG dynamics. We previously assumed ideal CMG actuators,
where the gimbal rates are equal to the commanded rates. In reality, the CMG gimbal rates are
controlled by closed-loop motor driven servo systems which supply the torques that control the
rates. The current simulation uses equations (3.11) and (3.12), where the CMG torque consists of
two terms: the control torque Tcon and an estimate of the gyroscopic torque (wxH,,,) which

cancels out the gyroscopic effects. The CMG momentum is calculated by integrating the second
part of equation (3.11). The CMG torques are calculated from equations (3.2), (3.4) and (3.10). The
gimbal rates are obtained by integrating equation (3.16). The quaternion output is obtained by
integrating equation (3.17).

body rate
Attitude _ _ _ Spacecraft
Control Singularity Avoidance Dynamics
Quaternion System & Steering Logic
Command CMG Gimbal wh
wh wh
Generator rate Controls
Qcom +———Pp»{qc we L} we deldot -W» deldc quat
Tc +—P»|Tc
P |af P> (delta deldot delta
deldot —‘
gimbal rates
gimbal angles

attitude quaternion

Figure 3.4.2.1 Simulation model “MaxEn_4SGCMG_Gimbals.mdlI”, consisting of rigid spacecraft and
4 SG-CMGs, controlled by Max-Energy ACS controller and 4 gimbal torque motor servos

The simulation model used in this example is “MaxEn_4SGCMG_Gimbals.mdl”, shown in Figure
3.4.2.1, and it is located in folder “... \Examples\Flex Agile Spacecraft with SGCMG & RCS\CMG
Control\(b) RigBody 4SGCMG ACS w Gimbal”. It consists of four main blocks. The first block on
the left hand side is a quaternion attitude controller that receives a quaternion command and the
spacecraft attitude quaternion and calculates the vehicle rate command. It is implemented in Matlab
function “Max_Energy ACS.m” and it is identical to the ACS described in Figure 3.4.1.1. The
steering logic receives the body rate command and calculates the CMG gimbal rate commands,
which eventually produce the required torques on the spacecraft. It is implemented in Matlab
function “Steering.m” and it is similar to the logic described in the previous example. The gimbal
rate commands drive the gimbal motors which produce the gimbal torques required to rotate the
CMG gimbals. The fourth block on the right is the spacecraft plus CMGs model which includes also
the gimbal dynamics.
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Figure 3.4.2.2 shows a simple diagram of the CMG gimbal control system which is used to control
the rates of the CMG gimbals. It consists of a motor controlled by a PID controller. There are four
of these controllers, one for each gimbal. The inputs are gimbal rate errors and the outputs are
torques that drive the gimbals which are inside the green Spacecraft/ CMG dynamics block. Strong
motors are sometimes needed because the control torques which rotate the gimbals have to work
against strong gyroscopic torques which act like disturbances. The PID gains are calculated in the
initialization script “start.m”.

(28 + 2 ),
K

a

K =JdAeh, K,=@0+20),0%, K,=
where:

Jg is the CMG rotor inertia about the gimbal (slug-ft?)
ocmg 1S the gimbal servo bandwidth (rad/sec)

The gains satisfy the following 3™ order characteristic equation
(5 + Aoy )52 + 284y + 0%, )

cmg
Kb

Gimbal « Gimbal

Rate Torque Torques
Comds Llimit Tc

> P}K- > g/ »(1)
Ka Int
1
b4

deldot Ki Intl

Figure 3.4.2.2 Gimbal Torque Motor with PID Control System

The spacecraft plus CMG dynamics block is shown in Figure 3.4.2.3. The inputs are CMG gimbal
torques which control the gimbal rates. The outputs are body rates, attitude quaternion, gimbal
angles, and gimbal rates. The dynamics are implemented in Matlab function “SC_CMG_Gimbal.m”,
shown below.
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Figure 3.4.2.3 Spacecraft plus CMG Dynamics Block
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Spacecraft Dynamics Function SC CMG Gimbal

function xdot= SC_CMG_Gimbal (x,Tci,Td) % s/c Dynamics with CMG
global J Jinv Jgi m ref quad hcmg d2r r2d
global bet gam Tc2b

% State Variables (X)

% x(1:3) = Body rates w) (rad/sec)

% x(4:6) = CMG Momentum body (h) (ft-1b-sec)

% x(7:10) = Gimbal rates (delt-dot) (rad/sec)

% x(11:14) = Gimbal angles (delta) (rad)

% x(15:18) = Quaternion

% Inputs:

% Tci(4) = Gimbal Torques (ft-1b)

% Td(3) = Disturbance Torque (ft-1b)

xdot= zeros(28,1);

w = x(1:3); % Body rates

h = x(4:6); % CMG Momentum
deldot= x(7:10); % Gimbal rates
delta = x(11:14); % Gimbal Angles
qt= x(15:18); % Quaternion

[Pj,thd,phd,ddd]= Transforms(bet,gam,delta,w);

Tcmgfzeros(3,1); h2=Tcmg;

for i=1:4
Mj=[Tci(i); --- % CMG Torque in CMG axis
hcmg(i)*deldot(i);
01;
Temg= Temg -Tc2b*Py(z,:,i)*Mj; % Torque on Vehicle

% h2= h2 + (cos(delta(i))*ref(:,i) + sin(delta(i))*quad(:,i))*hcmg(i);
end

Hs = J*w + h; % System Momentum
xdot(1:3)= Jinv*(Tcmg -cross(w,J*w) +Td); % Vehicle acceleration
wdot=xdot(1:3); % Vehicle Acceleration
xdot(4:6)=-Tcmg -cross(w,h); % H-dot

for i=1:4

sd=sin(delta(i)); cd=cos(delta(i));

xdot(6+i)= (Tci(i)-hcmg(i)*(thd(i)*sd-phd(i)*cd))/Jgi; % Gimbal accelr delt-ddot

xdot(10+i)= x(6+i); % Gimbal rates delta-dot
end

X

xdot(15:18)= 0.5*[0 w(3) -w(2) w(1);
-w(3) 0 w(1) w(2);
w(2) -w(1) 0 w(3);
-w(l) w2 -w(@@) 0]*qt;

xdot(19:21)= Hs;

xdot(22:24)= Tcmg;

xdot(25:28)= ddd;

Quaternion Update

System Momentum Hs
CMG Torques on Vehi
delta_dot (Inert-Relat)

XX
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Simulation Results

The Simulink model described will be used here to demonstrate a couple of maneuvering
simulations. The simulation and maneuver parameters are loaded into Matlab by the initialization
file “start.m”. In the first case we have a typical maneuver without singularity problems. In the
second case a singularity occurs while maneuvering. The file “pl.m” plots the simulation results.

Simulation 1 A typical 100 (degrees) maneuver (without singularity)

In this case we are commanding the spacecraft to rotate 100° in an arbitrary direction (1, 1, -1). The
algorithm uses a singularity proximity measure, which is the determinant of the AA™ matrix. When
this measure becomes very small it is an indication of singularity occurrence. In this case we hit a
low point at 10 seconds but it is not a real singularity. The spacecraft maneuvers smoothly towards
the commanded direction maintaining an almost constant eigenaxis, body rate, and CMG
momentum. The CMG torque and phase-plane show an acceleration pulse in the beginning and at
the end of the maneuver. The deceleration is not as high and lasts longer than the acceleration.
Shortly before the 30 seconds when the error becomes small the “kay” factor drops to zero which
turns on the PID controller that keeps the steady-state error in the 107 level. The four gimbal rates
versus gimbal angles are also shown in phase-plane. Notice that the system momentum is
maintained at zero throughout the maneuver.

100 deg maneuverin [1, 1,-1] direction, 4 SGCMG Control
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100 deg maneuver in [1,-1, 1] direction, 4 SGCMG Control
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Simulation 2 100 (degrees) maneuver with Singularity Present

The following simulation results demonstrate the effectiveness of the singularity avoidance
algorithm to prevent a gimbal lock situation. Gimbal lock occurs when the CMGs cannot provide
the required torque in the direction demanded by the attitude control logic. The algorithm uses a
singularity proximity measure, which is the determinant of the AA" matrix, and when this measure
becomes very small it introduces a perturbation at the gimbals to get around the singularity. In the
following simulation we are commanding a 100° maneuver in the direction (0.2, -0.4, 0.6). At
approximately 7 seconds the determinant of the singularity measure drops to almost zero. A
perturbation signal is introduced by the singularity avoidance algorithm that distorts the constant
body rates and CMG momentum which were observed in the previous simulation case during
maneuvering. It also causes a CMG torque disturbance at 16 seconds. Despite the singularity
occurrence the spacecraft attitude continues to rotate towards the target direction, not directly as in
the previous simulation where the eigenaxis was maintained constant, but it converges towards the
target and at approx 30 seconds when the error becomes small the “kay” factor drops to zero which
turns on the PID controller that keeps the steady-state error in the 107 level. Notice that the system
momentum is maintained at zero throughout the maneuver.

100 deg maneuver in [0.2, 0.4, 0.6] direction, 4 SGCMG Control
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body rates (degls)

Rate Error (degls)

det(A*AT)

100 deg maneuver in [0.2, 0.4, 0.6] direction, 4 SGCMG Control

‘ Maneuvering

PI[Eb Conitrol

-1000
0

Time

45

Control Torque (ft-Ib)

Singularity causes a
disturbance torque

%]

[ torques

hd
i

B

n

System Momentum, (ftdb-sec)
o
(8]

2000 T T T T T T
: 5 : : : : ol

LT S S O A S sieh M
1000 - S S —— Yaw ||

T S S S S R R _

] : : :

-500 1 ————— [ - Y (R N S A - R S
T B PR P -
500 foo--- A LU - R R S b L
2000 H H H H H H H H

u] 5 10 15 20 25 30 35 40 45
Time
4 w10 Rall
System Momentum E‘mh
35} is Zero since there e
are no external Magnitude

Tirne

100 (deg) Maneuber in the [0.2 0.4 0.6] direction with Singularity

Phaise-Pla:ne

-
'

'

A —
'

'

'

40 B0

10"
= . . . .
5t . . 1

Singularity

4t occurs here 1
3 L .
2 L 4
1 \\ J
D 1 1 1

1] 10 20 30 40 50

Time

g0

60 . :

40

Gimbal Rate (degls)
o

0&F

Maneuvering

kay

0.4F

02r

PID Control |

137

a0




3.4.3 Adding Flexibility to the Four CMG Simulation Model

This time we will go one step further and include structural flexibility. The Simulink model in this
example is “MaxEn_4SGCMG_Gimbals_Flex.mdl”, shown in Figure (3.4.3.1). The Matlab and
other data files used are in directory ““..\Examples\Flex Agile Spacecraft with SGCMG &
RCS\CMG Control\(c) Flex 4SGCMG ACS w Gimbal”. It is very similar to the previous model,
described in section 3.4.2, but it includes structural bending. The attitude control law and steering
logic are the same, but some of the control parameters were adjusted to accommodate flexibility.
The simulation data are loaded into Matlab by executing file “Start.m”, and the file “pl.m” plots the
simulation results, as in previous examples.

body rate + flex

Attitude Spacecraft
Control Singularity Avoidance Dynamics
Quaternion System & Steering Logic
Command CMG Gimbal
Generator wh wb Controls W
rate
Qcom +——Pp»{qc we -Lb we deldot -W} deldc quat
Tc +—P»|Tc
P> af P> |delta deldot delta
deldot
gimbal rates
gimbal angles

attitude quaternion

Figure 3.4.3.1 Simulation model “MaxEn_4SGCMG_Gimbals.mdl”, consisting of rigid plus flexible
spacecraft dynamics and 4 SG-CMGs

As you can see in Figure 3.4.3.2, the main difference of this simulation model from the previous
one shown in figure 3.4.2.3 is that the spacecraft dynamics (green) block includes flexibility. The
structural flexibility subsystem is a state-space model shown in detail in Figure 3.4.3.3. It is loaded
from file “flex_only_fem_s.m” which was created by Flixan “flex spacecraft modeling program” in
section 1.1 and its title is “Flex Only Spacecraft with RCS and CMG”. It has the rigid-body modes
removed because the rigid-body dynamics is implemented in Matlab function
“SC_CMG_Gimbal.m”, which contains also the CMG dynamics. The coupling between the rigid
and flex models is not straightforward. The 4 CMG gimbal torques drive the rigid-body dynamics
as they are controlled by the 4 gimbal servos attempting to maintain the commanded gimbal rates.
The torque motors have to be strong enough because in addition to the CMG load inertia they also

have to fight the gyroscopic torque h,, (9sin 0 —¢5cos§)which is not small.

The inertial gimbal rates Si rotate the CMG momentum vectors generating torques which produce
body rates, and attitudes. The combined CMG torque in vehicle axes (Tcmg) is also driving the
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flexibility state-space model to excite the structure modes. The flex model output consists of the
flex contributions of the body rates which are added to the rigid-body rates to produce the total body
rates. The quaternion is updated using the total body rates, including flexibility. The function
“SC_CMG_Gimbal.m” which implements the spacecraft dynamics is listed below.
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Figure 3.4.3.2 Spacecraft dynamics subsystem includes CMG gimbals plus structural flexibility
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Spacecraft Dynamics Function SC CMG Gimbal.m

function xdot= SC_CMG_Gimbal(x,Tci, Td,wf) % s/c Dynamics with CMG
global J Jinv Jgi m ref quad hcmg d2r r2d
global bet gam Tc2b Jgi Jsi Joi

% State Variables (x)

% x(1:3) = Body rates (w) (rad/sec)

% X(4:6) = CMG Momentum body (h) (ft-Ib-sec)
% x(7:10) = Gimbal rates (delt-dot) (rad/sec)

% x(11:14) = Gimbal angles (delta) (rad)

% x(15:18) = Quaternion

% Inputs:

% Tci(4) = Gimbal Torques (ft-1b)

% Td(3) = Disturbance Torque (ft-Ib)

% wf(3) = Flex Body Rate

xdot= zeros(31,1);

w=x(1:3); % Rigid-Body rates
wt= w+wf; % Total body rate
h=x(4:6); % CMG Momentum
deldot= x(7:10); % Gimbal rates
delta = x(11:14); % Gimbal Angles
gt= x(15:18); % Quaternion

[Pj,thd,phd,ddd]= Transforms(bet,gam,delta,w);

Temg=zeros(3,1); h2=Tcmg;
fori=1:4
sd=sin(delta(i)); cd=cos(delta(i));
Mj=[Tci(i); ... % CMG Torque in CMG axis
deldot(i)*((Jsi-Jgi)*(thd(i)*cd+phd(i)*sd) +hcmg(i)); ...
deldot(i)* (Jgi-Joi)*(phd(i)*cd-thd(i)*sd)];
Tcemg= Temg -Tc2b*Pj(:,:,i)*Mj; % Torque on Vehicle
% h2=h2 + (cos(delta(i))*ref(:,i) + sin(delta(i))*quad(:,i))*hcmg(i);
end

Hs = J*w + h; % System Momentum
xdot(1:3)= Jinv*(Tcmg -cross(w,J*w) +Td); % Vehicle acceleration
wdot=xdot(1:3); % Vehicle Acceleration
xdot(4:6)=-Tcmg -cross(w,h); % H-dot

for i=1:4

sd=sin(delta(i)); cd=cos(delta(i));
xdot(6+i)= (Tci(i)-hcmg(i)*(thd(i)*sd-phd(i)*cd))/Jgi; % Gimbal accelr delt-ddot

xdot(10+i)= x(6+i); % Gimbal rates delta-dot
end
xdot(15:18)= 0.5*[0 wt(3) -wt(2) wt(1); % Quaternion Update

-wt(3) 0 wt(l) wt(2);
wi(2) -wt(1) 0 wi(3);
-wt(1) -wt(2) -wt(3) 0]*qt;

xdot(19:21)= Hs; % System Momentum Hs
xdot(22:24)= wt; % Total Vehi rate
xdot(25:27)= Tcmg; % CMG Torques on Vehi
xdot(28:31)= ddd; % delta_dot (Inertial-Relativ)
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Flex Only Spacecraft with RCS and CMG
file: flex_only_fem_s.m

acc #4

g~

Feng X' = Ax+Bu Body to
CMGto y = Cx+Du CMG axis
i 3
Body axis Foank State-Space @
3 p —> Tb2c wh #2
Temg Tc2b Tcmg
—>{remg] =
wb #4
% Inputs = 19 % Outputs = 21
% 1 Force No 1 Applied at Node # 8 (Ibf) % 1 X-Accelerat. Sensed at Node # 2 (ft)
% 2 Force No 2 Applied at Node # 9 (Ibf) % 2 Y-Accelerat. Sensed at Node # 2 (ft)
% 3 Force No 3 Applied at Node # 10 (Ibf) % 3 Z-Accelerat. Sensed at Node # 2 (ft)
% 4 Force No 4 Applied at Node # 11 (lbf)
% 5 Force No 5 Applied at Node # 12 (Ibf) % 4 X-Accelerat. Sensed at Node # 4 (ft)
% 6 Force No 6 Applied at Node # 13 (Ibf) % 5 Y-Accelerat. Sensed at Node # 4 (ft)
% 7 Force No 7 Applied at Node # 14 (Ibf) % 6 Z-Accelerat. Sensed at Node # 4 (ft)
% 8 Force No 8 Applied at Node # 15 (Ibf)
% 9 Force No 9 Applied at Node # 16 (Ibf) % 7 X-Accelerat. Sensed at Node # 7 (ft)
% 10 Force No 10 Applied at Node # 17 (Ibf) % 8 Y-Accelerat. Sensed at Node # 7 (ft)
% 11 Force No 11 Applied at Node # 18 (Ibf) % 9 Z-Accelerat. Sensed at Node # 7 (ft)
% 12 Force No 12 Applied at Node # 19 (Ibf)
% 10 X-Rotation Sensed at Node # 2 (radian)
% 13 Force No 13 Applied at Node # 5 (Ibf) % 11 Y-Rotation Sensed at Node # 2 (radian)

% 12 Z-Rotation Sensed at Node # 2 (radian)
% 14 Force No 14 Applied at Node # 7 (Ibf)
% 15 Force No 15 Applied at Node # 7 (Ibf) % 13 X-Rot. Rate Sensed at Node # 2 (radian)
% 16 Force No 16 Applied at Node # 7 (Ibf) % 14 Y-Rot. Rate Sensed at Node # 2 (radian)
% 15 Z-Rot. Rate Sensed at Node # 2 (radian)
% 17 Torque No 1 Applied at Node # 6 (ft-Ib)
% 18 Torque No 2 Applied at Node # 6 (ft-Ib) % 16 X-Rot. Rate Sensed at Node # 1 (radian)
% 19 Torque No 3 Applied at Node # 6 (ft-Ib) % 17 Y-Rot. Rate Sensed at Node # 1 (radian)
% 18 Z-Rot. Rate Sensed at Node # 1 (radian)

% 19 X-Rot. Rate Sensed at Node # 4 (radian)
% 20 Y-Rot. Rate Sensed at Node # 4 (radian)
% 21 Z-Rot. Rate Sensed at Node # 4 (radian)

Figure 3.4.3.3 Flex model is in State-Space form in file (flex_only_fem_s.m)

The transformation matrices from CMG to body axes (Tc2b) and from body to CMG (Th2c) are
needed in order to couple the flex model with the rigid-body dynamics. The flex model is in body
coordinates, but the spacecraft model (originally defined in body) was transformed to CMG
pyramid coordinates. So the combined model is in CMG array coordinates.
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The Max-Energy attitude control law is shown in Figure 3.4.3.4. It is implemented in function
“Max_Energy_ACS.m” and it operates in two modes: the maneuvering mode, and the PID control
mode. In the beginning of the maneuver, kay=1. The integrator of the PID is turned off, and the
spacecraft rate is commanded a non-linear parabolic trajectory which is a function of the quaternion
attitude error. The spacecraft rate is also limited during maneuvering to a steady rate along the
commanded eigenaxis. When the rate versus attitude error trajectory reaches the parabolic line in
the phase-plane the trajectory converges towards the origin, bringing both the rate and attitude error
to zero simultaneously in all 3 directions. When the attitude error becomes sufficiently small
(dictated by the logic in the ACS) the “kay” factor switches to zero turning the PID integrators on,
to further attenuate the attitude error. The switching of kay from 1 to zero is a function of both: rate
and attitude error magnitudes combined. This error magnitude signal is filtered (by filter state xs) to
smooth out the transitioning of the "kay" factor from maneuvering to PID control. The states x4 and
xs in the ACS are also used to provide a clean transitioning of kay.

filt intgr

=

@ ACS states
x5

Max-Energy Attitude Control Logic

1s |« x_dot
filtered error
Int> for PIDswitch
- > ge
Qe2Ater qe
ac ATLA] I = I
MATLAB Junctio quatern
af > Function | 9 error (3)
X Max-Energy we rate comd
(L H)yr——7» ACS
wh filt we

rate feedback
with flex

@—} in ou -——-}

rate error

errinx E’{J—

Figure 3.4.3.4 Max Energy Attitude Control Law is implemented in function (Max_Energy_ACS.m)
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The CMG steering logic is shown in Figure 3.4.3.5. It controls the spacecraft rate as commanded by
the ACS. It is the D part of the PID control law. It receives the spacecraft rate command from the
ACS and it commands the gimbal rates as needed in order to achieve the required CMG control
torques on the spacecraft. Initially it calculates an acceleration command proportional to the rate
error. This acceleration command is limited, as needed, proportionally in all directions in order to
maintain an eigenaxis rotation.

The algorithm calculates the matrix A(d), as shown in equation 3.15 and uses pseudo-inverse to
invert it, as shown in equation 3.3.4, in order to calculate the gimbal rate commands. Since A is a
function of & the steering function also needs the gimbal angles & as inputs at every instant. The
singularity avoidance logic is also included here. The clock input is needed for the phasing in the
off-diagonal elements in the singularity avoidance perturbation matrix (E).

Rate Controller, Steering "
and CMG Dynamics B o
—
det
wdot-com -
= L}
= _|_> det
wh det
Body rate »
X . deldot
MATLAB | deld deld Gimbal Rate
Rate error (2 I Function = E— commangs > ()
@ " > Steering - (rad/sec)
Clock Tci
time @——— —>

time

delta
Figure 3.4.3.5 Rate Control and CMG Steering Logic, implemented in function “Steering.m”
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Initialization File "'Start.m""

The initialization file "start.m" initializes the simulation. It loads the vehicle mass properties in body
coordinates which are transformed to CMG pyramid coordinates, see Figure(). It also loads the
flexibility state-space model, the transformation matrices, CMG parameters, orientation angles,
gimbal rate limits, and gains for the gimbal control system. It initializes also the spacecraft state-
vector, sets torque limits, max acceleration and rate limits, and parameters for the singularity
avoidance logic.

global J Jinv m ref quad hcmg d2r r2d wcmg zeta
global Acc_Lim Rat_Lim kr ki kp Es Ps Fs wlim mx

global bet gam Jgi Jsi Joi
d2r= pi/180; r2d=180/pi;

[Af, Bf, Cf, Df] = flex_only_fem_s;

J= [0.17E+94, -0.16e+93, O0.11E+92;

-0.16e+93, 1.32E+94, 0.31E+92;

0.11E+92, O0.31E+92, 1.41E+94];
Tc2b= [0, O, 1; ...
0, 1, 0; ...

-1, 0, 0]; Th2c= inv(Tc2b);
J= Tb2c*J*Tc2b; Jinv= inv(J);
Ctr= Tb2c*[0 1 0; 1 0 0; O O -1];

Jsi= 1.2; Jgi= 0.6; Joi= 0.8;
wcmg=500; zeta= 0.95; lamb=0.5;
Kii=lamb*Jgi*wcmg”"3;
Ka=(1+2*zeta*lamb)*Jgi*wcmg”"2;
Kb=(2*zeta+lamb)*wcmg/Ka;
hemg=[1, 1, 1, 1]*1200;

% CMG Geometry

bet=68;

gam=[90, 180, 270, 0];
[m, ref, quad]= M4(bet);

sigmaO=[0; 0; 0; 0]*d2r;

wbO= [0; O0; 0];

hO= [0; 0; O1;

deldot= [0 O O 0O]";

delta = [0 O O O]";

Qt0=[0; 0; 0; 17;

ini= [wb0",h0",deldot”,delta”,Qt0"];
wlim= 3.6*d2r;

Tmax= 650;

mx= Tmax*[1,1,1]-/[J3(3,3),J(2,2),3(3,3)];
Acc_Lim=30*d2r; Rat_Lim=12*d2r;
Tglim=120; Wclim=100*d2r;

ki=0.07; kp=1.4; kr=10;

Es=0.05; Ps=1.0e18; Fs=0.2;

xlim= inf(1,18); xlim(7:10)=Wclim*[1 1 1 1];

com_dir=Tb2c*[-1; 1; 1];
com_dir=com_dir/sqgrt(com_dir"*com_dir);

XX

XX

EXRRXIXEEXEERRX

%

S

EXRXERX

%

<
NS

X
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Load Flex Only Spacecr Dynamics
Vehicle MOI matrix in (slug-ft"2).

Transformation Matrix
from CMG to Body Axis

Convert Inertias to CMG axes

Transform Matrix (append to body to CMG axis)

CMG Inertia about Spin, Gimbal, Outp axes
CMG servo bandwidth (rad/s), damping coeff
CMG Servo Gains

CMG Momentum capability

Pyramid Beta angle
Pyramid Gamma angles
CMG Gimbal, Spin, & Torq direction matrices

Initial CMG Gimbal positions (rad)

Initial body rates

Initial CMG Momentum (body)

Initial Gimb Rates

Initial Gimb Angles

Initial Quaternion

State Integrator Initialization

MaxEn ACS Rate Limit 3.9 (deg/s)

Max CMG Torque 650

Max accelerations X,y,z

Steer Law Accel & Rate limit (deg/sec)

CMG Model Gimbal Accelerat and Rate Limits
PID Gains: ki=0.3; kp=7.3; kr=12

Singul Avoid Param Es=0.01 Ps=1.0ell Fs=0.2
State Integrator Limits

Command Direct Unit Vector (body)
Unit Vector [0.7; -0.6; 0.4]



Maneuvering Simulations Using the Non-Linear Flex Model

The following three simulation results were obtained using the non-linear Simulink model
“MaxEn_4SGCMG_Gimbals_Flex.mdl”.

Case # 1, an 80° Maneuver in direction: (-1, 1, 1)

In the first simulation, Figure (3.4.3.6), the spacecraft is commanded to maneuver 80° in direction:
(-1, 1, 1). It performs an almost perfect eigenaxis rotation maintaining nearly constant rates during
maneuvering. The 0.5 Hz structural mode affects mainly the roll axis, but it does not degrade the
flex stability. The maneuver is very symmetrical as shown in the attitude phase-plane. The CMG
control torque shows a big torque spike which gets the maneuver started. There is an almost zero
torque while maneuvering, and a decelerating torque pulse to stop the rotation. The decelerating
pulse is not as strong as the initial torque pulse. Although the rates are the same in all 3 axes the
CMG momentum is different in the 3 directions because the spacecraft moments of inertia are
different. The singularity indicator shows an initial low value in the determinant (close to
singularity) but it does not last very long and it climbs to higher values later in the maneuver. The
attitude error plot shows when it is in PID control the integrator gradually reduces the attitude error
to very low values. In the absence of external disturbances the total system momentum remains zero
during the maneuver.

B0 deg maneuver in direction: [0.5, 05, 0.5] using 4 SGCMG with Flex
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Figure 3.4.3.6(a) Spacecraft performs an 80 (deg) eigenaxis maneuver
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Case # 2, a 100° Maneuver in direction: (1, 1, -1)

This is a 100 (deg) maneuver in a different direction showing similar results.
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100 deg maneuverin [1, 1,-1] direction, 4 SGCMG with Flex
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Figure 3.4.3.7(a) Spacecraft performs a 100 (deg) eigenaxis maneuver
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100 deg maneuverin [1, 1,-1] direction, 4 SGCMG with Flex
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100 deg maneuver in [1, 1,-1] direction, 4 SGCMG with Flex
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Figure 3.4.3.7(c) When the error is sufficiently small the ACS switches to PID control
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100 deg maneuverin [1, 1,-1] direction, 4 SGCMG with Flex
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Figure 3.4.3.7(d) CMG Gimbal Activity
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Case # 3, a 120° Maneuver in direction: (-0.2, 0.4, 0.4)

This maneuver hits a singularity at 10 (sec). The singularity avoidance system prevents a gimbal
lock at the expense of a very small disturbance on the spacecraft. The singularity encounter,

however, did not degrade the quality of the maneuver.

120 deg maneuver in direction: [0.2, 0.4, 0.4] using 4 SGCMG with Flex
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Figure 3.4.3.8(a) The singularity causes a small dent on the eigenaxis
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120 deg maneuver in [-0.2, 0.4, 0.4] direction, 4 SGCMG with Flex
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Figure 3.4.3.8(c) The singularity causes a small disturbance on the
avoidance logic attempts to steer the vehicle around it.
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Frequency Response Stability Analysis

The following model “Open_Loop.mdlI” is similar to the non-linear simulation model but it has the
control laws linearized and it is used to perform linear stability analysis. It uses the linearized
functions “Lin_ACS.m” for attitude control, and “Lin_Steering.m” for steering. The control loop is
broken for frequency response analysis at the rate error command to the steering logic. Only two of
the control loops, pitch, or yaw, are analyzed. In the yaw analysis example shown in Figure 3.4.3.8,
the yaw loop is opened, but the roll and pitch loops are closed. The Matlab file “freq.m” calculates
the frequency response between the input and the output and plots the Bode and the Nichols plots.
The stability analysis plots are shown in Figure 3.4.3.9. Stability is measured by the phase and gain
margins from the red cross. This model is also used for tuning the PID gains to maximize stability.
The ACS bandwidth was reduced from the previous rigid-body analysis to avoid exciting low
frequency flex modes to instability. Compensator filters were also included in the ACS. A low-pass
filter was also included to filter out the error signal which turns on the PID to provide a smoother
transition between maneuvering and PI1D control.

rate feedback

Attitude
Control Spacecraft
System Singularity Avoidance Dynamics
Quaternion & Steering Logic
Command wh CMG Gimbal wi
Generator wb Controls
Qcom ———P»|qc we »|we deldot ——p»|deldc e
rate rates
err Tc —P{Tc
qp g deldot delta
deldot
out in
-1}4—
1 gimbal rates
gimbal angles

attitude quaternion

Figure 3.4.3.8 Simulink Model “Open_Loop.mdl” used for frequency response stability analysis,
shown in this case for yaw axis analysis
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Pitch Axis Open-Loop Frequ Response

Bode Diagram
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Figure 3.4.3.9a Bode and Nichols Plots showing stability margins of the Pitch axis PID system
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Yaww Axis Open-Loop Frequ Response

Bode Diagram
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Figure 3.4.3.9b Bode and Nichols Plots showing stability margins of the Yaw axis PID system
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3.5 Using the Flight Vehicle Modeling Program
to Analyze the Four SGCMG System

In the previous section we used spacecraft and reaction wheel non-linear models developed in
Matlab and then we coupled them with state-space flexibility models that were developed using the
Flixan Flex Spacecraft program. Now we will use the Flixan Flight Vehicle Modeling Program
(FVP) to create similar models of the spacecraft coupled with four single gimbal CMGs, including
structural flexibility, and hopefully the results will match with the results obtained from the
previous section in folder “(c) Flex 4SGCMG ACS w Gimbal”. We will first show how to obtain the
spacecraft state-space models by using the existing data files and running the FVP in batch mode,
and then go into details to show how we create the spacecraft and flex data from scratch. The data
for this analysis is in directory “C:\Flixan\Examples\Flex Agile Spacecraft with SGCMG &
RCS\CMG Control\(e) 4SGCMG using FVP ". The input data file is "FlexSc_ CMG_FVP.Inp" the
systems file is “FlexSc_CMG_FVP.Qdr". The modal data files are the same as previously in the
RCS analysis “FlexSc_FEM.Mod" and “FlexSc_FEM.Nod". The input data file contains data for
two spacecraft with 4 SGCMGs, a rigid model and a flex model. A set of modal data consisting of
40 selected flex modes is included at the bottom of the input data file. Some unused states and
outputs are eliminated using the Flixan truncation utility. The Matlab analysis is performed in the
sub-directory "Matan".

Creating the Systems in Batch Mode

On the top of the input data file there is a batch data-set “Batch for Spacecraft with 4 SG CMG”. It
is a short script of commands that speeds up the generation of the spacecraft systems. To run the
batch, first start the Flixan program, go to folder “...Flex Agile Spacecraft with SGCMG &
RCS\CMG Control\(e) 4SGCMG using FVP”. Go to “Edit”, “Manage Input Files”, and then
“Process/ Edit Input Data”.

Flixan, Flight Vehicle Mod

File Apalyzis Tools  View Quad  Help
Manage Input Files (*Inp) Create or Edit Batch Data

Manage Systern Files (*.Q.dr) Process / Edit Input Data

When the following dialog appears, click "Continue™.
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’
Cancel | I Manage/ Proceszs Input data hles [inp] Continue I

These are input data file proceszing utilities for creating, processing, editing, deleting, -
viewing, of coping data set: containing input data far the Flisan programs. Perfarming r
tazksz, such az, zelecting and editing an input data file [%.inp), executing an individual
program data combination, or a batch set, deleting or relocating a data et inzside the zame
data file, or copying a number of selected data zets to another data file. The menu in the )
upper-left hand zide af the utility dialog dizplays all the input data files in the project directary, [=
The uzer zelects one of the files and the upper-right menu dizplaps the contentz of that file,
which iz, the program azzociated with the data to be used followed by the title of the
coresponding data, in one line. [nitially only the upper half of the dialog iz shown, The
bottorm half iz shown only when the copy data option iz uzed. The user map select one of
the entries fram the menu on the right and click on the [ERecute) button to process the data.
The [Drelete] button will delete some data zetz in the right menw. If pou want to move adata =

From the following dialog select the input file “FlexSc_CMG_FVP.Inp” and press the “Select Input
File” button. The menu on the right shows all the data-sets that are saved inside the input file. Select
the top batch set: “Batch for Spacecraft with 4 SG CMG”, and click on “Execute/ View Input Data”.

Paint ta an Input D'ata Filename Evi
and Click""Select [nput File" The following sets of input data are in file: FlexSc_CMG_FYP.Inp it |

|FIexSc CMG_FYP.Inp Bun Batch Mode  : Satelite with 4 5G CMG

FlexS MG PP Ino Flight Vehicle : Rigid-Body Rgile Spacecraft with 4 5G-CHMG

System Modificat : Rigid-Body 2gile Spacecraft with 4 S56-CMGE (modif)
Flight Vehicle : Flexible Agile Spacecraft with 4 S5E-CMGE

System Modificat : Flexible Agile Spacecraft with 4 SG-CHMG (modif)

To Matlabh Format : Rigid-Body 2gile Spacecraft with 4 SG-CHMG (modif)

To Matlabk Format : Flexible Rgile Spacecraft with 4 SG-CME (modif)

Modal Data : Flexible Rgile Spacecraft with 4 S5G-CMG, 211 Flex Modes

Select Input File | Edit File |
Execute View Input Data |
Delete Data Set in File |
Relocate Data Set in File |
Copy to Ancther File |

The Flixan program executes all the data-sets which are called by the batch and saves the spacecraft
systems in file “FlexSc_CMG_FVP.Qdr”. It also creates two Matlab state-space m-files for the
spacecraft with four CMGs that can be loaded into Matlab: a rigid-body model in file
"sc_4cmg_rb.m" and a flex spacecraft model "sc_4cmg_flex.m". Click “Exit” to end the Flixan
program. The two files are transferred to subfolder "Matan” for analysis.
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Creating the Spacecraft Input Data from Scratch

But what if we don't already have the input data in file “FlexSc_CMG_FVP.Inp”? What if we want
to create a new set of spacecraft data from scratch in an empty “FlexSc_CMG_FVP2.Inp” file and
create the state-space model directly from the new file? I personally don't like to use the Flixan
utility menus to create new systems not because they are not efficient but because I make mistakes
or forget something and | have to do it all over again. I usually copy old models and modify them
using standard editors.

To create the spacecraft data from scratch, first start the Flixan program and select the directory
directory “C:\Flixan\Examples\Flex Agile Spacecraft with SGCMG & RCS\CMG Control\(e)
4SGCMG using FVP ". Then go to "Analysis Tools", "Flight Vehicle/ Spacecraft Modeling Tools",
and "Flight Vehicle State-Space", as shown below.

. Flixan, Fiight Vehicle Modeling & Control System Analysis
File Edit EAnalg,rsisTcmls View Quad Help

Flight Vehicle/Spacecraft Modeling Tools 3 Flight Vehicle, State-5pace
Frequency Control Analysis k Actuator State-5pace Models
Robust Control Synthesis Tools L Flex Spacecraft (Modal Data)
Creating and Moedifying Linear Systems Create Mixing Logic/ TWC

Trim,/ Static Perform Analysis
Flex Mode Selection

In the following introductory menu, press "Continue”.

”
Cancel | I Flight ¥ehicle Linear Modeling Continue I

The Flight %ehicle Modeling program creates a linear model of a flight vehicle, The vehicle iz«
contralled by rocket engines, control zurfaces, and reaction contral jetz. [tz motion can be
meazured by different type of sensorz. The program reads the vehicle data, such as mass
properties, trajectony, bazic aem, engine and control surface data, bending, slozsh

parameters, etc, from an input file. The dynamic model cancvany from a simple igid body

model ko a comples multi-asis model including fuel glozh, bending, and tail-wags-dog

dynamicz. The state-zpace model iz zaved in a spstems file "wwegdr', and it can be uzed by
ather programz. Other ophions generate actuator models, bending mode preparation, and
mixing logic for the effectaors.
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The following is a file selection menu for the input and output data files. Since in this case we
assume that we don't have any input data, enter a new input file name “FlexSc_CMG-FVP2.Inp”,
and a new output file name “FlexSc_CMG-FVP2.Qdr”, that will be created and click on "Create a
New Input Set".

Enter Filenames
Enter a File M ame caontaining Enter a File Mame containing
the Input Data [xxx.lnp] the Cuadiuple Data (e G dr]
FlerSc_CMG_FWP2Inp |FIE:-:S c_CMG_FYPAQd
FlerSc_CMG_FYP.Inp FlerSc_CMG_FPYP.Odr
MewFile.Inp MewFile. (dr
Create Mew [nput Set | | E xit Program | | Select Files |

( Mew Data ﬁ1

i i 1 A Mew Set of "FLIGHT VEHICLE" Data
Will be Created in File FlexSc_CMG_FVP2.Inp

0K

The Flixan program acknowledges that a new set of data will be created and it will activate a data
entering utility where the user can enter the spacecraft data interactively by means of menus and
dialogs, as shown below. Using the following flight vehicle data entering dialog first enter the title
on the top, define the number of SG-CMGs, the number of gyros and accelerometers, set some of
the menus as shown, enter also 40 flex modes and click "Update Data" to keep the data in memory.
Then go to some of the tabs at the bottom. Click on the gyros tab and start entering the gyro data.
For gyro #1 enter its location in vehicle coordinates, the direction of measurement "roll”, and
specify that it is an attitude and not a rate measurement. Click on "Next Gyro" to enter the data for
gyro #2, and so on for the 9 gyros specified at the top. Remember to click on "Update Data" before
moving to the next tab. Now select another tab. Let's say the accelerometers, and start entering the
data for the first accelerometer which is measuring acceleration in the x direction. Enter also its
location in spacecraft coordinates. Click on "Next Accelerometer” to enter the data for
accelerometer #2, and so on for all six accelerometers. Remember to click on "Update Data" before
moving to the next tab. Click on the "Mass Properties"” tab and do the same.
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i

Vehicle System Title E it Input Fil | Esi |
Flexible Agile Spacecraft with 4 SG-CMG R "
—Mumber of ¥ehicle Effectors Humber of Sensors | Modeling Options [Flags] —— Update Data I Fun |

F— : I\-\-"lTH TwD ; TR
Gimbaling Engines or Jets. Output Rates in Turn Coordination 7
Include T ailwags-Dog? 0 IWITHOUT TwD Gros I d m Include Tum Coordin Save in File |
Fiatating Control Surfaces. I 0 IWH’H Tw/D Stability Axes
WITHOUT TwD Acceleromnet I 3

“fithout Turn Coordin
Include T ailwfags-Dog?
Mumber of Modes

Reaction Aero-Elasticity O ptions Altitude Angles

I 1] . AeroWanes I a

‘Wheels? Momentum Control Devices Tnchude GAFD. Heparam Structure Bending I 40
Single: Include a 3-anes Yes Flex Coupl. data ol Integrals of Rates

Gimbal I 4 Stailized Double Extemnal I 0 Meither Gafd nor Hpa LWLH attitude Fuel Sloshing: I 0
CMGs? Gimbal CMG System? Torques

Masz Properties | Trajectory Data | Gust/ Aero Paramet. I Aero Force Coeffs I Aero Moment Coeffs I Contral Surfaces | Gimbal Engines/ RCS I Extemnal Tarques
Feaction Wheels | Single Gimbal CMG = | Drouble Gimbal CHMG System | Slewing Appendages  Gyros | Accelerometer | Agra Senzorg | Fuel Slosh | Flex Modes | UUzer Mates

| This Yehicle has 9 Rotation Sensors

Characteristics of Gyro No: 1

Gyro Location———————

X gyro I F.5334

¥ gyro I 0.0000 Fitch Rate
aw Accelerat
Z quio I -1.1890
MHext Gyro |

Gyro Type, Axis

,

VYehicle System Title 3 . .
Flexible Agile Spacecraft with 4 SG-CMG Edit nputFie | it |
— Mumber of ¥ehicle Effectors Mumber of Sensors| — Modeling Dptions [Flags] —— Update Data | Run |

—_— A IWITH TwD : TS,
Gimbaling Engines or Jets. Cutput Rates in Turn Coordination ?
Include Tailwags-Diog? 0 IWITHOUT TwD Giyros I 3 m Inaiude Tum Coordin Save in File |
Ratating Control Surfaces. I 0 |W|TH TwD Stability Axes i i
WITHOLT TwD Acceleromet I g

Include Tail'wags-Dog?
Mumber of Modes

Reaction Aero-E lasticity Dptions Attitude Angles

I 1] - Aeraanes I 1]
Wheels? Momentum Control Devices Incide GAFD, Hparam Structure Bending I 40
Single Include a 3-axes Yes . dat Integrals of Rates
Gimbal I 4 Stabiized D ouble Extemal IT Meither Gafd nar Hp: LVLH Attitude Fuel Sloshing: I 0
ChGs? Gimbal CMG Spstem? Torgques

Masz Properties | Trajectory Data I Gustd Aero Paramet. I Aero Force Coeffs I Aero Moment Coeffs | Control Surfaces I Gimbal Engines/ RCS I Esternal Torques
Reaction Wheelz | Single Gimbal CMGs | Double Gimbal CHG System | Slewing Appendages | Gyros  Accelerometer IAero Senzarg | Fuel Slash | Flex Maodes | Uszer Motes

This Yehicle has & Accelerometers

Characteristics of Acceleromet: 1

Accelerometer Location
R Accelerometer Direction, Type
* accel E.533400

e Pasition
Y accel 0.000000 W elocib
Zaccel | 1189200 Along Z g
Rigid Body & FI !
M i Mext Accelerom |
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Now click on the "Single Gimbal CMG" tab to open it and enter the data required for the four SG-
CMGs. That is, starting from the first one: the gimbal direction vector, the momentum reference
direction (which in this case it is the same as the initial momentum direction), the CMG moments of
inertia about spin, gimbal, and output axes, the CMG orientation angles ( and vy) in the pyramid as
already defined, the constant CMG momentum magnitude, and the initial gimbal angle (d0). Click
on "Next-SG-CMG" to enter the data for the second CMG, and so on. Remember to click on
"Update Data" when you finish with the SG-CMGs. You may also click on the "User Notes" tab to
enter some notes that will be included as comments in both: the input data, and in the system
(a,b,c,d) data, below the title.

- =

Flight Vehicle Parameters

Yehicle System Title

Flexible Agile Spacecraft with 4 SG-CMG Edi Inpul ie | it |
Number of ¥Yehicle Effectors Number of Sensors Modeling Options [Flags) Update D ata | Run |

. ) W TH T'wD - TR
Gimbaling Engines o Jets, Output Rates in Tum Coordination
| W [V — Save n e
Stability Axes

Include T ailwags-Dog?

Riotating Control Surfaces. ] WITH TwiD
Inchude T ailwagz-Dog? WITHOUT TwWD Acceleromet &

Include Turn Coordin
“fithout Turm Coardi

Reaction Mumber of Modes

Aero-Elasticity Optiohs Attitude Angles
1] - Aero Wanes 1]
\v\jfheels? Momentum Control Devices nclude GAFD. H-param Shucture B ending A0
gl'ngble| gnd‘l;_?e Z%'BHBHS Yes . | Flex Coupl. data onl Integralz of A ates
imnbd 4 tabilized D cuble #herna Meither G afd nor Hpa LWLH Abtitude Fuel Slozhing: a
ChiGe? Girnbal MG System? Ttarpies o = HEI SRR
tazs Properties ] Trajectory Data I Gust/ Aero Paramet. ] fern Force Coeffs ] Aero bMoment Coeffs ] Control Surfaces ] Gimbal Engines/ RCS ] Extemnal Torques ]
Reaction‘wheels  Single Gimbal CHMG ] Double Gimbal CMG System ] Slewing Appendages ] Gyros ] Accelerometer ] Aero Sensors ] Fuel Slosh ] Flex Modes ] User Motes ]
This Vehicle has 4 Single Gimbal CMGs Mest SG-CHIG
Single Gimbal CMG Parameters for CMG No: 1
Gimbal Direction Unit Yect Initial 5pin Direction Unit Yect

SG-CMG

% [ 0gzr1g % [ o.0000 Momentum 1200.0
[ft-lb-zec)
v [ o.o000 v [ 10000

Iitial Girnbal
z [ 03760 z [ oo angle [deg) | 000
CHMG Moments of Inertia Pyrarnid Orientation Anales

Jzpin 1.2000 bieta £2.000
Jaimb 0.60000 gamma 90.000
Joutp 0.80000 (degress)

When you finish entering the spacecraft data, click on "Save in File" button to save the data in file
“FlexSc_CMG-FVP2.Inp”. This will create the spacecraft data set under the title "Flexible Agile
Spacecraft with 4 SG-CMG" that you already entered. To create the spacecraft state-space model
you must click on the "Run" button, and the program would create the spacecraft system in file
“FlexSc_CMG-FVP2.Inp”. But don't do it yet, you are not ready. You have declared that you will
be using 40 structural modes but the modes have not yet been selected and saved. A set of flex
modes should also be included in the input data file. It requires a lengthy mode selection process
that will be discussed next. After the modes are selected and saved you can go back and rerun the
Flight Vehicle Modeling program, select the same input and output files, select the title of the input
data, get to the above dialog which displays the spacecraft data, and now you may click "Run" to
create the spacecraft model that will be saved in file “FlexSc_CMG-FVP2.Qdr".
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Creating Set of Selected Modal Data

The flex model requires a set of selected modes reformatted and compatible to be processed with
the spacecraft data. From the original modal data in file "FlexSc_FEM.Mod" we must select a set of
modes, scale them to match the units of the spacecraft data, and save the selected set in file
"FlexSc_CMG_FVP.Inp ". We must first start the Flixan program and go to folder “...Flex Agile
Spacecraft with SGCMG & RCS\CMG Control\(e) 4SGCMG using FVP”. Then go to “Analysis
Tools”, “Flight Vehicle/ Spacecraft Modeling Tools”, and then to “Flex Mode Selection”, as shown
below.

r —_—
Select a Project DirectorA [

C:\Flixan'\Examples'Flex Agile Spacecraft with SGCMG & RCE

= |, Fighter Aircraft -
4 |, Flex Agile Spacecraft with SGCW
4 | CMG Contrel

[> Ly {3} Simple RigBody 45G(
, (b)) RigBody 45GCMG AC
J {c) Flex 45GCMG ACS w
| (d) Flex 5C with 25GCM
; (e} 45GCMG using FYP |

(]

.. Figs
. Matan =

T |

File Edit | Analysis Tools | View Quad Help

Flight Vehicle/5pacecraft Modeling Tools L Flight Vehicle, State-5pace
Frequency Control Analysis J Actuator State-5pace Models
Robust Control Synthesis Tools J Flex Spacecraft (Modal Data)
Creating and Modifying Linear Systems L Create Mixing Logic/ TVC

Trim/ Static Perform Analysis
Flex Mode Selection
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Using the filenames menu on the right we select the modal data Sl A

filename which has an extension (.Mod), the nodes file (.Nod), the taodal Data File
flight wvehicle input data file (.Inp), and an output filename | FlexSc_FEM.Mod
(Modsel.Msl), where the program will save the relative mode strength
at the completion of mode selection. The modal data and nodes map
files were used earlier in the RCS analysis. The input data file
“FlexSc_CMG_FVP.Inp” is needed because the mode selection Input Data File
program needs the spacecraft data to match actuator and sensor FlexSc_CMG_PYP.Inp
locations with node points from the finite elements model. The nodes
map is also used to facilitate this purpose.

Mode Dezcnphion File
| FlesSc_FEM.Nod

Mode Comparizon Output
| Modsel Ml

Cancel

Using the menu below select the spacecraft title “Flexible Agile Spacecraft with 4 SG-CMG” and
click the “Run Input Set” button.

| A

Select a Set of Input Data for "FLIGHT YEHICLE" from an Input File: FlexSc_ChG_FYP Inp Fun Irput Set

Rigid-Body Agile Spacecraft with 4 SG-Ch G

Flexible Agile Spacecratt with 4 SG6-CHG Exit Pragram

Create Mew

The dialog below is used to define the number of excitation, and the number of sensor points to be
used for mode selection. These numbers do not have to be equal to the number of actual vehicle
effectors and sensors used in the spacecraft model. It is only used for mode selection purposes. We
must also define the range of modes to be evaluated (1 to 46 modes in this case). We will ignore the
first 6 modes because they are rigid body modes and we should only include structural modes in the
flex mode set. We do not define any forces excitations, but we define 3 torque excitations.
Similarly, we do not select any translational sensors but 3 rotational sensors. These locations are
only for mode selection. We will also select the graphic mode selection option where the user
selects the modes from a bar chart using the mouse. The number of modes to be selected does not
apply in this case. We click “OK” to continue.
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“uw Select Range of Modes, Number of Vehicle Locations u

ou must define some points an the flex model where excitation forces
and torques are applied to the structure, and the direction axis. “'ou must
alzo define pointz where motion [ratational or translational] iz zenszed and

alzo the zenzing direction.

I 1 and Mode I 45
MHumber of Excitation Pointe,  Forces: I n Tu:urquesl 3
I 1]

Fiatations I 3

Compare Strength Betweenn Mode:

Humber of Sensor Pointz, Tranzlations:

tode Selection Process

Automatic or karual Automatic
uzing the Bar Chart

Humber of Modes to be ok,
Selected I 12

|

Cancel | I Re-S5cale the Modal Data to Match Model Continue I

The kModal Data computed from a Finite Elementz Model are ot necezzarily in the zame -~
unitz az the Flight Wehicle Model and neither are the ases. [n fact the unitz uzed by Mastran
are [inches) instead of [feet]. The General Mass, for example, mayp be in [lb-sec™24n) and it
muszt be multiplied by 12 to convert it ta [lb-sec™2/%) or the Slopes must be multiplied by 12

to be converted to [rad/ft). Alzo, the direction of the » asiz uzed by the structure engineers

iz towward the back of the vehicle, opposite to the flight direction, and £ iz up instead of

toweard the pilot’s feet az used by [GHEC]. Thiz option can be uzed to modify the selected
miodal data, the modes that will be integrated with the rigid vehicle model, o that their units

are compatible.

The following dialog allows you to convert the units of the modal data or to switch the direction of
the coordinate axes of the finite elements model to match the rigid-body model. We click "Yes"
because the modal data are in typical Nastran units and the x and z directions are reversed.

[ Data Scaling DptiorA ﬁ

—

@ Do you want to Modify the Modal Data?
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The following dialog defines the scaling factors that will be used to modify the modal shapes,
slopes, generalized mass, and it will also reverse some of the directions.

*s Modal Data Scaling Factors Iﬁ

todal Data Scaling Factors

Generalized Mazs [Gm] Multiplcation Factor fz.000

M odal Displacement [phi] Multiphcation Factaor 1.0000

Madal Slope [zigma) Multiplication Factar 12.000

t odify Coardinates from Maztran Axes to Vehicle Axes
+4 in'ehicle Axes Comegponds to: |+ in Structures Axis

+7 in'ehicle Axes Comesponds to: |+7 in Structures Axes

+2 inVehicle Axes Comespondz to: | in Stiuctures Axes Ok

The next step is to identify locations from the finite elements model (nodes) for the 3 torque
excitation points and the 3 rotational sensors points that will be used in mode selection. The nodes
mapping file “FlexSc_FEM.Nod” will be used as a reference in the process. It is included in node
selection menu that helps the user to pick excitation and sensor nodes from the modal data file for
mode strength comparison. For the 3 torque excitation points we select node #6, which is the CMG
location, to apply torques in roll, pitch, and yaw. For the 3 rotational sensor points we select node
#2, which is the location of the spacecraft gyros, to measure roll, pitch, and yaw rotations.
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Table of Vehicle Structure FEM MNodes

In mode zelection, in arder to calculate the relative mode strength of a number of modes in a zpecified direction pou must
define zome node points in the Mastran model where the excitation forces or torques will be applied and alzo the forcing
directions.

Simnilarly, wou gt alzo defing the zensor points [translations or rotations] and the senzing directions.

] 4

Cancel

Select a Location {Node) for Torque Excitation: 1

Pointing Zntena —2_%537%9 0.2375 -0.
Attitude, Bate, Accelerom Sensor &.5334 a.0000 -1
L point on the Solar Rrray —3_3375 —-0.183%

Soclar Array Hinge
BEebkoost Engine Thruster 110 (1k)
Control Moment Gyros (CME) Location

7y LI S L
o LI S T

Fuel Tank Center Location 7 7 a.0
REC5 Jet Back/Right -¥ +2 2 (1b) g8 g -10.85304 3.08e7 0.€
BC5 Jet Back/Left +¥ +2Z 2 (1b) 3 =) -10.85304 -3.08e7 0.8
RCS Jet Front/Right -¥ -2 2 (1b) 10 10 12.642%9 1.8500 0.5
RCS Jet Front/Left +Y¥ -2 2 (1b) 11 11 12.642%9 -1.6500 0.5
RCS Jet Front/Right -¥ +2 2 (1b) 12 12 13.3204 1.276e7 0.1
RCS Jet Front/Left +Y¥ +2 2 (1b) 13 13 13.3204 -1_2767 0.1
RCS5 Jet Front/R Axial -X 2 (1b) 14 14 14.0871 0.1ae7 -0.
RCS Jet Front/L Axial -X 2 (1b) 15 15 14.0871 -0.1ea7 -0.
REC5 Jet Back/Right -¥ -2 2 (1b) 1& 1& —-10.454¢% 3_111F7 0O_-7
BC5 Jet Back/Left +¥ —-Z 2 (1b) 17 17 —-10.454¢% —3_1117 0O_7
BECS Jet Back/BE Axisl +H Z (1b) 18 18 -12_1213 1.7817 0.0
BCS Jet Back/L Axial +H Z (1b) 159 159 -12_1213 -1.7617 0.0

MNode Descrption,  Mode Mumber,  Mastran Mode [0 Mumber,  Location Coordinates [=, v, £)
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| mode zelection, in arder to calculate the relative mode strength of a number of modes in a specified direction you must ok
define some node points in the Nastran model where the excitation forces or torgues will be applied and alzo the forcing

directions.

Sirnilarly, you must also define the senzor points [tranzslations or rotations) and the zenzing directions. Canicel
Select a Location (Node) for Torque Excitation: 3 Az
Pointing Antena 1 1 -Z_9379 0.2375 -0_ [Ral
Attitude, Rate, Rccelercm Sensor z X 6.5334 o.0000 -1. |Pich

4 point on the Soclar Array 3 3 —3_337% —-0.1833

Solar Array Hinge 4 4 5.2754 0.0000

Beboost Engine Thruster 110 (1b) 5 5 -12_.14a3

Control Moment Gyros (CME) Location & &

Fuel Tank Center Location i 7 —6_T7713 0.0 ) )
BRCS Jet Back/Right -¥ +Z Z [(1b) =} =] -10.8504 3.0867 0O.& Direction
BCS Jet Back/Left +¥ +Z 2 (1b) =} 5 -10.8504 -3.08€7 0O.&

RCS Jet Front/Right —¥ -Z Z (1b) 10 10 12 5423 1.6500 0.5 [ inegative)
RCS5 Jet Front/Left +Y -Z 2 (1b) 11 11 12 .642%9 -1.&500 0.5

RCS5 Jet Front/Right -Y +Z 2 (1b) 12 12 13_3204 1.2767 0.1

RCS5 Jet Front/Left +Y +Z 2 (1b) 13 13 13_3204 -1.2767 0.1

BCS Jet Front/B Rxial -XH 2 (1lb) 14 14 14 0871 0_.1867 -0

RCS5 Jet Front/L RAxiasl -X 2 (1b) 15 15 14 _0&71 -0.1e87 —-0.

RCS5 Jet Back/Right -Y -Z 2 (1b) 1a 1a —-10.454¢ 3.1117 0.7

RCS5 Jet Back/Left +¥ —-Z Z (1b) 17 17 —10.4546 —3_1117 0.7

RCS Jet Back/E RAxi=l +3 2 (1b) 13 12 -12_1213 1.7&17 0.0

RCS Jet Back/ /L RAxiasl +3 2 (1b) 15 15 -12_.1213 -1.7€l7 0.0

Mode Description,  Mode Mumber,  Mastran Mode 1D Mumber,  Location Coordinates [, ', £
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In miode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction you rmust oK
define zome node points in the Mastran model where the excitation forces or tarques will be applied and alzo the forcing

directions.

Sirnilarly, vou must alzo define the senzor points [translations or rotations] and the senging directions. Lancel
Select a Location {(Node) for Rotational Sensor: 1 Az
Pointing AZntena 1 1 —Z_537% 0.2375 -0.
Attitude, Bate, Accelerom Sensor z z 00000 2 | Pitch

A point on the Solar Array 3 3 —3_337% -0.1833 ' a
Solar Array Hinge 4 4 5.2754 0.0000

Beboost Engine Thruster 110 (1b) 5 5 -12_.14%3 -0.legca

Control Moment Gyros (CHME) Location L3 L3 -4 _354¢ 0.0000

Fuel Tank Center Location i i -&8_.7713 0.0000 0.0

BCS Jet Back/Right -Y +Z 2 (1lb) g g -10.8304 3.0887 o0.g Direction
BCE5 Jet Back/Left +¥ +2Z 2 {1k} =} =} -10.8504 -3.08&e7 O.&

BCS Jet Front/Right -¥ -Z Z (1b) 10 10 12 6429 1.6500 0.5 | negative]
RC5 Jet Front/Left +Y -Z 2 {1k} 11 11 12 .8425 -1.&8500 0.5

RC5 Jet Front/BRight -¥ +Z 2 {1k} 1z 1z 13.3204 1.2767 0.1

RC5 Jet Front/Left +Y +2Z 2 {1k} 12 12 13.3204 -1.27&7 0.1

RCS5 Jet Front/BE kxial -X 2 {1k} 14 14 14 0871 0.1ee7 -0.

BRCS Jet Fromt/L Axial -X Z (1b) 15 15 14 0671 -0.1887 -0.

RCS5 Jet Back/Right -Y¥ -Z 2 {1k} la la —-10.454¢& 3.1117 oO.7

BCS Jet Back/Left +¥ -Z Z (1b) 17 17 -10.4546 -2.1117 0.7

RCS Jet Back/R Rxiasl +H 2 {1k} 18 18 -12_1213 1.7817 0.0

RCS Jet Back/L Axial +H 2 {1k} 15 15 -12_1213 -1.7&l7 0.0

Mode Description,  Mode Mumber,  Mastran Mode ID Humber,  Location Coordinates [, %, £]
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In mode selection. in order to calculate the relative mode strength of a number of modes in a specified direction you must oK
define some node pointz in the Mastran model where the excitation forces or torgues will be applied and alzo the forcing

directions.

Sirnilarly, you must alzo define the senzor points [tranzlations or rotations] and the sensing directions. Lancel
Select a Location {(Node) for Rotational Sensor: 2 Auis
Pointing Antena 1 1 -Z_5373 0.2375 -0_ [Ral
Zttitude, Rate, Accelerom Sensor Z 2z &_5334 0.000a0

A point on the Solar Array & 3 —3_337% -0.1833 Y aw
Solar Array Hinge 4 4 5.2754 0.0000

Beboost Engine Thruster 110 (1b) 5 5 -12.1483 -0.166¢6

Control Moment Gyros (CME) Location o 13 -4 _354¢ 0.00a0a0

Fuel Tank Center Location i T —-&_7713 0.0000 0.0

RCS Jet Back/Right -¥ +Z Z (1b) 8 8 -10_8904 3.0867 0.8 Disction
RCS Jet Back/Left +¥ +Z 2 (1b) 5 3 —-10_85304 —-3_08c7 0.6

BCS Jet Front/Bight -¥ -Z 2 (1b) 1a 10 12 _8425 1.e500 0.5 m
RCS Jet Front/Left +¥% -Z Z (1b) 11 11 1Z_6423 -1.8500 0.5

BCS Jet Front/Bight -¥ +Z 2 (1b) 1z 1z 13_3Z204 1.27a87 0.1

BCS5 Jet Front/Left ¥ +Z 2 (1b) 13 13 13_3204 -1_27e7 0.1

BCS Jet Front/B Axisl -X 2 (1b) 14 14 14_0&871 0.1les87 -0.

RCS Jet Front/L Axial -X Z (1b) 15 15 14_0671 -0_1687 -0

BCS Jet Back/Right -¥ -Z 2 (1b) 1a 1le -10_.454% 3.111v 0.7

RCS Jet Back/Left +¥ —Z 2 (1b) 17 17 -10_.454% -3_.1117 0.7

RCS Jet Back/R Axial +i Z (1b) 18 1z -12.1213 1.7617 0.0

RCS Jet Back/L Axial +E 2 (1b) 15 15 =12 3213 -1_7817 0.0

Mode Dezcrption,  Mode Mumber,  Mastran Mode 1D Mumber,  Location Coordinates [, %, £

At this point the excitation and sensor points and directions for the mode selection process have
been defined. The modal strength for each mode is calculated based on the values of the modal
slopes at the torque locations and at the rotational measurements. When the mode shape magnitudes
at the excitation and sensor points are high at a mode frequency it implies that this mode has a
strong contribution to the overall structure flexibility. The mode selection program computes the
mode strength at each mode frequency and saves it in file “Modsel.Msl”.
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The mode selection process, however, is not finished yet because the program needs additional info
before allowing the user to select which modes to retain from the big modal data file. Using similar
menus that display the nodes table (different light-blue color), the user must select four nodes from
the finite element model that correspond to the four CMGs which are defined in the vehicle input
data. Node #6 is selected for all four CMGs.

.
i Table of Vehicle Structure FEM Nodes [

au st o identify zome points on the finite element model that correspant to the important lacations on the vehicle [as
zpecified in the vehicle data] where the forces are being applied and the mation iz being sensed. Such ag TVC gimbals, gyros,

etc.

Select a Location {Node) for Single Gimbal CMG: 1 Ok, I
Pointing Antena —-Z.5937%9 0.Z375 -0.20
Attitude, Rate, Accelerom Sensor &.5334 0.0000 -1.18
2 point on the Solar Array -3.337%9 -0.1833
Solar &rray Hinge 5.2754 0.0aaao —
BEeboost Engine Thruster 110 (1k) -1Z2_.1483 —-0_.1€86

Control Moment Gyros (CME) Location

W =] f i s o kY
L= e I Iy Y O T I T

Fuel Tank Center Location —-&8.7713 Q_a000  0.000
BCS Jet Back/Right -¥ +Z 2 (1b) -10.85904 3.0867 0.873
RCS Jet Back/Left +¥ +2Z 2 (1) -10.8904 -3_.08€7 0.879
RCS Jet Front/sRight -¥ -Z 2 (1b) 10 140 12 . 5425 1.8500 0.535
BRCS Jet Front/Left +¥ -Z 2 (1b) 11 11 1z . 5425 -1_.&500 0.5355
RCS Jet Front/Bight -¥ +Z 2 (1) 1z 1z 13.3204 1.2767 0.125
RCS Jet Front/sLeft +¥ +Z 2 (1b) 13 13 13.3204 -1_276€7 0O.125
BCS Jet Front/ /R Rxisl -X 2 (1b) 14 14 14_0&71 0.1e87 -0.33
RCS Jet Front/L Axial -X 2 (1) 15 15 14_ 0871 -0.1e€7 -0.33
RC5 Jet Back/Bight -¥ -Z 2 (1b) 1& l& —-10._454¢ 3.1117 0.715
RCS Jet Back/Left +¥ -Z 2 (1b) 17 17 —-10._.454¢ -3.1117 0.715
BCS Jet Back/ /R Axis=l +3E 2 (1) 18 18 -1Z.1213 1.7&1l7 0.004
BCS Jet Back/L Axiasl +H 2 (1b) 13 15 -1Z.1213 -1.7&l7 0.004

Maode Dezcrphion,  Mode Mumber,  Mastran (D, Location [, Y, £]
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]

efc.

ou muzEt now identify zome pointz on the finite element model that correspont to the important locations on the vehicle [as
zpecified in the vehicle data] where the farces are being applied and the mation iz being senzed. Such az TVC aimbalz, quros,

Select a Location {(Node) tor Single Gimbal CMG: 4

[ox |

Pointing Antena 1
Attitude, Hate, Accelerom Sensor z
L point on the Solar Array 3
Solar Array Hinge 4
BEeboost Engine Thruster 110 (1lb) =]
Control Moment Gyros (CHME) Location 3]
Fuel Tank Center Location 7
RCS Jet Back/Right -¥ +Z Z (1b) B
RCS Jet Back/Left +¥ +Z 2 {1k} 3
BCS Jet Front/Bight -¥ -Z 2 (1k) 1a
BCS Jet Front/Left +¥ -Z 2 (1k) 11
RCS Jet Front/Bight -Y +Z 2 (1k) 12
RCS Jet Front/Left +Y¥ +2Z 2 (1lb) 13
BCS Jet Front/R RBAxial -X 2 (1k) 14
RCS Jet Front/L Axial -X 2 (1k) alls
RCS Jet Back/Right -¥ -Z Z (1b) 1l&
RCS Jet Back/Left +¥ -2 2 {1k} 17
BCS Jet Back/R BExial +3 2 (1b) 1a
BCS Jet Back/L Axial +i 2 (1b) 13

Mode Description,  Mode Mumber,  Mastran 1D, Location [, 7, £]
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1.2787 0.125
-1.2767 0.125
0.1887 -0.33
-0.1667 —-0_33
3_.111%7 0O_715
—-3.1117 0O.715
1.7817 0.004
-1.7&17 0.004
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4 Table of Vehicle Structure FEM Nodes S|

ou must now identify zome pointz on the finite element model that correspont to the impartant locations on the vehicle [as
zpecified in the vehicle data) where the forces are being applied and the motion 1z being sensed. Such az TWC gimbals, gyros,
etc

Select a Location {(Mode) for Gyro/Rate Sensor: 1 | k. I
Pointing Antena 1 1 -2 _9375 0.2375 -0.Z0
Attitude, Rate, Accelerom Sensor 2 Z  s.5334  0.0000

A point on the Solar Array 3 3 —3_3375 -0.1B833
Solar Array Hinge 4 4 5.2754 0.0000 =
REeboost Engine Thruster 110 (1lb) 5 5 -1Z.14%3 -0.legs
Control Moment Gyroas (CHME) Location [ [ -4 _3548 0_.00aa a
Fuel Tank Center Location 7 7 -&6_T7713 0.0000 0O.000
RCS5 Jet Back/Right -¥ +Z 2 (1b) =] =3 —-10.8304 3.0867 O0.87%9
BCS Jet Back/Left +¥Y +2 2 (1k) 3 3 -10.8504 -3.08&87 0.87%9
RCS5 Jet Fromt/Bight -¥ -2 2 1k} 10 10 12 . 5425 1.8500 0.5%85
BCS Jet Front/sLeft +¥ -2 Z (1b) 11 11 12 5425 -1.6500 0.5%85
RECS Jet Front/sRight -¥ +Z Z (1b) 12 1z 13.3204 1.2767 0.125
RC5 Jet Fromt/Left +¥ +Z 2 (1b) 13 13 13_3204 -1_2767 0.125
RCS Jet Fromt/R Exial -X 2 (1b) 14 14 14 _0&71 0.1687 -0.33
RCS Jet Fromt/L Axial -X 2 1k} 15 15 14 0871 -0.1667 -0.33
BCS Jet Back/Right -¥ -2 Z (1b) 1a l& —-10.454¢& 3.1117 0.715
BCS5 Jet Back/Left +¥ —Z Z (1b) 17 17 -10.4546 —3_.1117 0.715
BCS Jet Back/s/R Axisl +i 2 (1b) 18 18 —-12_1213 1.7617 0.004
BCS Jet Back/L &xisl +i 2 (1b) 15 15 —-12_1213 -1.7&17 0.004

Mode Descrption,  Mode Mumber,  Mastran 1D, Location [+, 7, 2]

173



The user also selects 9 nodes (locations) for the 9 rotational sensors which are defined in the vehicle
data, title "Flexible Agile Spacecraft with 4 SG-CMG". That is, three rotations at node #2, three
rotational rates at node #2, and three rotational rates at node #1.

.
“ Table of Vehicle Structure FEM Nodes [

ou muzt now identify some points on the finike element model that corezpont to the impartant locations on the vehicle [az
specified in the vehicle data) where the forces are being applied and the mation is being senzed. Such az TWC gimbals, gyros,

=l

Select a Location (Node) for Gyro/Rate Sensor: 3 OF. I
Pointing REntena 1 1 -2.937%3 0.2375 -0_20
Attitude, Bate, Accelerom Sensocr 2z 2z 0.0000 -1.18
L point on the Solar Array 3 3 -3.3373 -0.1833
Solar AZrray Hinge 4 4 5.2754 0.0a00a —
Beboost Engine Thruster 110 (1k) 5 =1 -1Z.14a3 -0.lece
Control Moment Gyros (CHME) Location [ 3 -4 _354¢ 0.0a00a a
Fuel Tank Center Location 7 7 -&.7713 0.0000 0.000
RCS Jet BacksRight -¥ +2Z 2 (1b) 8 8 -10.8904 3.0867 0.878
BC5 Jet Back/Left +¥ +2 2 (1b) 3 3 -10.8%904 —-3.0867 0.873
BC5 Jet Front/Bight -¥ -2 2 (1b) 10 10 12 . 6425 1.8500 0.5585
BC5 Jet Front/Left +¥Y -2 2 (1b) 11 11 12 . 6425 -1.8500 0.5585
BC5 Jet Front/Bight -¥ +2 2 (1b) 1z 1z 13.3204 1.2767 0.125
BC5 Jet Front/Left +¥ +2 2 (1b) 13 13 13.3204 -1_2767 0O_.125
BCS5 Jet Front/B RAxisl -X 2 (1b) 14 14 14 0871 0.1667 -0.33
BCS5 Jet Front/L RAxisl -X 2 (1b) 15 15 14 0871 -0.1667 -0.33
RCS Jet Back/Right -¥ -Z 2 {1b) 1a 1& -10.454¢ 2.1117 0.715
BC5 Jet Back/Left +¥ -2 2 {1b) 17 17 -10.454¢ —-3.1117 0_.715
BCS Jet Back/B Axia=l +H 2 {1b) 18 18 —-12_1213 1.7€17 0.004
BCS5 Jet Back/L Axiazl +H 2 {1b) 13 15 —-12_1213 -1.7€17 0.004

Mode Descrption,  Mode Humber,  Mastran 1D,  Location [, Y, £]
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ou muzt now identify zome paintz on the finite element model that correspont ba the imparkant locations on the vehicle [as
zpecified in the wehicle data) where the forces are being applied and the mation iz being sensed. Such a: TV gimbalz, guros,
(=lesd

Select a Location (Node) for Gyrof/Rate Sensor: 4 .
Pointing Antena 1 1 -Z_%537%9 0.2375 -0.20
Zttitude, Bate, Accelerom Sensor 2 2

4 point on the Solar Array 3 3 -3.337% -0.1833
Solar Array Hinge 4 4 5.2754 0_0000 —
Beboost Engine Thruster 110 (1k) 5 5 -12_.1463 -0.lgg%
Control Moment Gyros (CME) Location 5] =3 -4 _354¢ 0_0000 a
Fuel Tank Center Location 7 7 —-6_T7713 0.0000 0.000
BCS Jet Back/Right -¥ +2 Z (lb) g g -10.85304 3.0887 0.873
BCS Jet Back/Left +¥ +Z Z {lb} g 5 -10.8%5304 -3.0867 0.&75
BCS Jet Front/Bight -¥ -Z 2 (1k) 10 1a 1Z_ 5425 1.8500 0.585
BCS Jet Fromt/Left +Y -Z Z {1lb) 11 11 1Z_ 5425 -1.8500 0.585
BCS Jet Front/Bight -¥ +Z Z (1k) z 1z 13.3204 1.2787 0.125
BCS Jet Front/Left +Y¥ +2 Z {1k} 12 1z 12,3204 -1.2787 0.125
BCS Jet Front/B Bxial -X Z {lb} 14 14 14.0871 0.1667 -0.33
BCS Jet Front/L Axiasl -X 2 (1k) 15 15 14_.0871 -0.1887 -0.33
RCS Jet Back/Right -¥ -2 Z {1lb) 1& 1& -10.454¢ 3.1117 0.715
BCS Jet Back/Left ¥ —X Z (1k) 17 17 -10.454¢ -3.1117 0.715
BCS Jet Back/BR Axisl +E Z {1k} 1& 1a -12.1213 1.7817 0.004
BCS Jet Back/L Axisl +E Z {1lb) 13 15 -12_.1213 -1.7817 0.004

-
“ Table of Vehicle Structure FEM Nodes 23 |

ou izt how identify some pointz on the finite element model that corezpont ta the important locations on the vehicle [az
zpecified in the vehicle data) where the forces are being applied and the mation iz being zenzed. Such as TYC gimbalz, quros,
efc.

Select a Location (Node) for Gyro/Rate Sensor: b 0K,
Pointing Antena 1 1 —2_537%5 0.2375 -0_.20
Zttitude, EBate, Accelerom Sensor 2 2

A point on the Solar Array 3 3 —3_3375 —0_.1832
Solar Array Hinge 4 4 5.2754 0.000a0 —
BEeboost Engine Thruster 110 (1b) = 5 -12.14&3 -0.lece
Control Moment Gyros (CME) Location a a —d4 3548 0.0000 i
Fuel Tank Center Location 7 7 —-g8_7713 0.0000 0.000
BCS5 Jet Back/Right -¥ +Z 2 (1b) =] =] -10.8304 3_08&7 0.&87%5
BCS5 Jet Back/Left +¥ +Z Z (1lb) 5 g -10.83904 —-3.08&87 0.&87%5
ECS Jet Front/Hight -Y -2 2 {1lb) 10 10 12.8425 1.5500 0O.555
BC5 Jet Front/Left +¥ -2 Z (1lb) 11 11 1Z_8425 —-1_&8500 0_.5%55
ECS Jet Front/Hight -Y +2 2 {1lb) 1z 1z 1z.3204 1.27a7 0.125
BCS Jet Front/Left +¥ +2 Z (1b) 13 13 13.3204 -1_27&87 0.125
ECS Jet Front/R Axial -X 2 {1lb) 14 14 14.0871 O.1leae7 -0.33
BCS Jet Front/L Axial -X 2 (1b) 15 15 14 0871 —-0.1aa7 —-0_.33
BECS Jet Back/Right -Y -2 2 {1lb) la 1& -10.454& 3.1117 0.715
BCS5 Jet Back/Left +¥ —-Z 2 (1b) 17 17 -10_.454% —-3_.1117 0_.715
BCS Jet Back/R Bxisl +H Z (1lb) 1B 18 -12_1213 1_7817 0.004
BCS5 Jet Back/L Axisl +H 2 (1b) 15 15 -12_.1213 -1_7&17 0.004
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ou mugt fow identify zome paintz on the finite element model that correzpont to the important locations: on the vehicle [az
zpecified in the vehicle data) where the forces are being applied and the mation iz being zensed. Such as TVWC gimbalz, guroz,
elc.

Select a Location (Node) for Gyro/Rate Sensor: 7 Ok I

Pointing Antena 1 1 0.2375 -0_20
Attitude, BRate, Accelerom Sensor Z Z &.5334 0.0000 -1.18
& point on the Solar Array 3 3 -3 _3375 -0.1833

Splar Array Hinge 4 4 5.2754 0.0000 —
Beboost Engine Thruster 110 (1k) 5 5 -1Z2.14&3 -0_.1l86&

Control Moment Gyros (CME) Location 2] 2] -4 _354¢ 0.0000 a
Fuel Tank Center Location 7 7 —-&_T713 0.0000 0.000
RCS5 Jet Back/Right -Y +Z 2 (1b) =] =] -10_.8504 3.0887 0O.&75
BCS Jet Back/Left +¥ +Z Z (1b) = = —-10.8504 —-3.0867 O_&675
BCS Jet Front/Bight -¥Y -Z 2 11k} 1o 1o 12 . g423 1.58500 0_.5355
BRCS Jet Front/Left +Y -Z 2 11k} 11 11 12 . g423 -1_&500 0.5355
RCS Jet Front/Bight -Y¥ +Z 2 {1k} 1z 1z 12.3204 1.27e7 0.125
BC5 Jet Front/Left +¥ +Z 2 (1b) 13 13 13_.3204 -1_27687 0O_.125
BCS Jet Front/B Axial -X 2 (1b) 14 14 14 0871 0.1ee7 -0.33
BCS5 Jet Front/L 2xial -X Z (1b) 15 15 14 0871 -0.1e87 —-0.33
BCS Jet Back/Right -¥Y -Z 2 11k} 1e 1e —-10_.454% 3_111% @©_-715
BCS5 Jet Back/Left +¥ —-Z 2 {1k} 17 17 —-10.454¢& —3_1117 O_715
BCS5 Jet Back/R Axial +3 2 (1b) 18 18 —-12_1213 1.7&17 0.004
BCS5 Jet Back/L Axial +i 2 (1b) 15 15 —-12_1213 -1_.7&17 0.004

-
< Table of Vehicle Structure FEM Nodes - 58

au must now identify some points on the finte element model that corespont to the impartant locations on the vehicle [az
zpecified in the vehicle data) where the forces are being applied and the motion iz being sensed. Such az TYC gimbals, gyros,
etc.

Select a Location {Node) for GyrofRate Sensor: 8 k. I
Pointing Antena 1 1

Attitude, Rate, Accelerom Sensor Z 2 &.5334 0.0000 -1.18
2 point on the Sclar Array 3 3 -3.33735 —-0.1833
Solar Array Hinge 4 4 5.2754 0.0000 =
Beboost Engine Thruster 110 (1b) 5 5 —-1Z.14%3 -0_1g6&
Control Moment Gyros (CME) Location [ 2] -4 _ 3548 0.0000 a
Fuel Tank Center Location 7 7 -8_.T7713 Q_.0000 0.000
RCS5 Jet Back/Right -¥ +2Z Z (1b) =] =] —-10_8504 3.08&e7 0_.&75
BCS Jet Back,/Left +¥ +2Z Z2 (1b) 4 =} —-10_8%904 -3.08&87 0_&73
BRCS5 Jet Front/Right -¥ -Z Z (1b) 10 1a 12 . 404Z5 1.4500 0.5%585
BRCS5 Jet Front/Left +¥ -Z Z (1b) 11 11 12 . 404Z5 —1.8500 0_.5%55
BCS Jet Front/Bight -¥ +2Z 2 (1b) Z 12 13_3204 1.2767 0.125
BCS Jet Front/Left +¥Y +2Z 2 (1b) 13 13 13_3204 -1_27&7 0.125
BCS Jet Front/B Axisl -XK 2 (1b) 14 14 14_0871 0.1ee7 -0.33
BCS Jet Front/L Axial -X Z (1b) 15 15 14_ 0871 -0.1e87 -0_.33
RCS5 Jet Back/Right -¥ -Z Z (1b) la la —-10_454¢ 3.1117 0_.715
BCS Jet Back,/Left +¥ —-Z Z2 (1b) 17 17 -10_454& -3.1117 0_.715
BCS5 Jet Back/R Axisl +H Z (1b) 15 18 -12_1213 1.7el7 0.004
BCS5 Jet Back/L Axisl +H Z (1b) 13 15 -12_1213 -1.7&l7 0.004
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4w Table of Vehicle Structure FEM Nodes [

ou muzt now identify some pointz on the finite element model that corespont to the important locations on the vehicle [as
zpecified in the vehicle data] where the forces are being applied and the motion is being sensed. Such az TVC gimbals, geros,

et
Select a Location {(Mode) for Accelerometer 1 | Ok I
Pointing Antena 1 1 —2_937% 0.2375 -0.20
Attitude, Bate, RAccelerom Sensor 2 Z
L point on the Soclar Array 3 3 -3.3373 -0.1833
Solar Array Hinge 4 4 5_2754 0_.00aa —
Beboost Engine Thruster 110 (1k) 5 =1 -12.14c3 -0.1le6d
Control Moment Gyroa (CME) Location ) 13 -4 _354¢ 0.000a a
Fuel Tank Center Location 7 T -8_771l3 0_.0000 0.000
RCS Jet Back/Right -¥ +2Z Z {(1b) 8 8 -10.8504 3.08€7 0.&73
BCS Jet Back/Left +¥ +2 2 {(1b) 9 5 —-10.8504 -3.08€7 0.&75
BCS Jet Front/Right -¥ -2 2 {1b) 10 10 12 6425 1.8500 0.5%55
RCS Jet Front/Left +¥ -Z 2 {(1b) 11 11 12 5425 -1.6500 0.5355
RCS Jet Front/Right -¥ +2 2 {1b) 1z 1z 13.3204 1.27€7 0.125
RCS Jet Front/Left +¥ +2Z 2 {1b) 13 13 12 _ 3204 -1.2767 0.125
BCS Jet Front/BE Axial -X 2 (1b) 14 14 14 0671 0.1687 -—-0.33
RCS Jet Front/L Rxial -X 2 {1b) 15 15 14 _0&71 -0.1ee7 —-0.33
BCS Jet Back/Right -¥ -Z 2 (1b) 1& 1& —-10.454¢ 3.1117 0.715
BCS Jet Back/Left +¥ -2 2 {1b) 17 17 -10.4548 -3.1117 0.715
RC5 Jet Back/BE RAxial +H 2 {1k} 18 18 -12_1Z213 1.7€17 0.004
BC5 Jet Back/L Axial +H Z {(1b) 13 15 -12_1213 -1.7€17 0.004
-

ou must how identify some points on the finite element model that correzpont to the important locations on the vehicle [as
zpecified in the vehicle data] where the forces are being applied and the motion iz being zensed. Such as TVC gimbals, gyros,

et

|SEIEI:1 a Location (Mode) for Accelerometer 5 Ok I
Pointing Antena 1 1 -2_.5937%9 0.2375 -0.2Z0
Attitude, Rate, Accelerom Sensor z 2z 5.5334 0.0000 -1.18
4 point on the Solar Array 3 3 —3_337% -0.1833
Beboost Engine Thruster 110 (1bk) 5 5 -12_.14&3 —-0.legce
Control Moment Gyros (CHME) Location (] L3 -4 _3548 0.0000 a
Fuel Tank Center Location 7 7 -&8_.7713 0_.0000 Q.000
BCS5 Jet Back/Right -Y +2Z 2 (1k) g =] -10.8%304 3.086e7 0.873
RCS Jet Back/Left +¥ +Z 2 (1k) 5 3 -10.8%304 -3.08&7 0.873
RCS Jet Front/Right -Y¥ -Z 2 (1k) 10 1ad 12 _84Z23 1.8500 0.585
RCS Jet Front/Left <Y -Z 2 (1k) 11 11 12 _84Z23 -1.&500 0.535
RCS Jet Front/Right -Y +Z 2 (1k) 12 1z 13_3Z04 1.2767 0.125
RCS Jet Front/Left <Y +Z 2 (1k) 13 13 13_3Z04 -1_.27&7 0.125
RCS Jet Front/R BAxial -X 2 (1k) 14 14 14_0&71 0.18e7 -0.33
RCS Jet Front/L Axial -X 2 (1k) 15 15 14_0&71 -0.1e&7 -0.33
REC5 Jet Back/Right -Y -Z 2 (1k) 1s 1s -10.454¢& 3.1117 0-715
RCS Jet Back/Left +¥ -Z 2 (1k) 17 17 -10.454¢& —3_1117 0-715
RCS Jet Back/R BExial +3 2 (1k) 1a 18 -1Z_1Z13 1.7&17 0.004
RCS Jet Back/L AExial +3 2 (1k) 13 13 -1Z_1Z13 -1.7&l7 0.004

Similarly, select nodes for the 6 accelerometers. The first 3 accelerometers are at node #2, the nav
base, and the next 3 are at node #4, the solar array.
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.
4 Table of Vehicle Structure FEM Nodes S|

o must now identify zome pointz on the finite element model that corespont to the important locations on the vehicle [az
zpecified in the vehicle data) where the forces are being applied and the motion iz being sensed. Such az TWC aimbalz, guros,

etc.

Select a Location {Node) for Disturbance Point: 1 Ok I
Pointing Antena 1 1 -Z.937%9 0.Z375 -0.Z20
AZttitude, Rate, Accelerom Sensor Z Z &.5334 0.0000 -1.18
4 point on the Solar Array 3 3 —3_3375 -0.1833
Solar Array Hinge 4 4 5.2754 0.0000 =i
Beboost Engine Thruster 110 (1b) 5 5 -12.14&3

Control Moment Gyros (CHME) Location L3 L3 -4 _354g 0.0000 a
Fuel Tank Center Location 7 7 -&6.7713 0.0000 0.000
RCS Jet Back/Right -¥ +2Z Z (1b) 8 B -10.8304 3.0887 0.879
RCS Jet Back/Left +¥ +Z Z {1k} 3 = -10.8304 -3.0867 0.879
RCS Jet Front/Right -¥ -Z Z {1k} 10 10 1Z.642%9 1.8500 0.5385
RCS Jet Front/Left +¥ -Z Z {1k} 11 11 1Z.642%9 -1.8500 0.5385
RCS Jet Front/Right -¥ +Z Z {1k} 1z 1z 13.3204 1.2767 0.125
RCS Jet Front/Left +¥ +Z Z {1k} 13 13 13.3204 -1.2767 D0.125
RCS Jet Front/R hxial -X Z {1k} 14 14 14.0&71 0.lee7 -0.33
RCS Jet Front/L hxial -X Z {1k} 15 15 14.0&71 -0.1887 -0.33
RCS5 Jet Back/Right -¥ -Z Z {1k} 1& 1& -10.4548 3-1117 @©-7i15
RCS Jet Back/Left +¥ -Z Z {1k} 17 17 -10.4548 —3.1117 ©-715
BCS Jet Back/R Axial +H Z {1k} 18 18 -1z2.1213 1.7&l17 0.004
RCS Jet Back/L Axial +X 2 (1b) 13 13 -12.1213 -1.7€l7 0.004

Mode Description,  Mode Mumber,  Mastran ID,  Location [, %, £]

We must also select a point where we can apply the disturbance.
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The program will create a smaller subset of the original modal data set and will save it at the bottom
of the input data file "FlexSc_CMG_FVP.Inp". At the end of this process the selected set of modal
data will contain only the dominant modes (between the excitation and sensor points defined), and
mode shapes only at the locations which are required by the flexible spacecraft model, such as: the
CMG locations, the gyros, and the accelerometers. A title will be created for the selected and
rescaled set of modal data. The selected modes title is "Flexible Agile Spacecraft with 4 SG-CMG,
All Flex Modes", similar to the original vehicle title plus a short attachment inserted at the end by
means of the following dialog.

Inzert a Short Description to the Titde [10 char) 0K

|AII Flex Mades

—

At this point the mode selection program saves the list of relative mode strengths (computed
between the excitation points and directions and the sensor points and directions) in file
“Modsel.Dat”. It also displays a bar-chart plot (shown in the next page) that shows the relative
mode strength for each mode as a vertical bar, versus the mode number. All bars are initially red
before selection. The height of each bar is logarithmically proportional to the relative mode
strength. The strong modes are tall and the weak modes are short. The modal strength is a relative
number adjusted with respect to the minimum and maximum modal strengths. The user selects
some of the strongest modes from the chart by pointing the mouse cursor at the bar and clicking the
mouse to select it. The modes change color from red to green when they are selected.

Notice that the first six modes must not be selected because they are rigid-body modes, and the
rigid-body dynamics are already included in the vehicle model. We select all of the remaining flex
modes from mode #7 to mode #46, a total of 40 flex modes, and press the "enter" button to
complete the mode selection. They are the same flex modes that we selected in previous sections
using the Flex Spacecraft Modeling program.
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The final step before exiting mode selection is to complete the dialog below where the user enters
some reference notes regarding the mode selection process. Describing, for example, what type of
modes were selected, and the conditions of mode selection, excitation points, measurement points,
directions, etc. This information will be included as comments below the title in the selected modes
set, which is saved in the input data file “FlexSc_CMG_FVP.Inp”.

The title of the selected modes set is “Flexible Agile Spacecraft with 4 SG-CMG, All Flex Modes”.
It contains the frequencies and the rescaled mode shapes of the selected modes at specific spacecraft
locations. This title should also appear at the bottom of the spacecraft input data set “Flexible Agile
Spacecraft with 4 SG-CMG”, below the number of flex modes. This will associate the selected
modes with the spacecraft input data when the VFP processes the data.

i o

Enter Motes

Enter zome notes dezcribing the mode zelection
criteria, excitation pointz, directions, etc. To be used k.
for future reference

All the flex modes are selected except for the first 6 nigid-body modes. A
tatal of 40 structural modes)

Conclusion

Having created both, the spacecraft data, and the selected flex modes we may now create the
flexible spacecraft state-space system. Start the Flixan program and select the directory
“C:\Flixan\Examples\Flex Agile Spacecraft with SGCMG & RCS\CMG Control\(e) 4SGCMG using
FVP ". Then go to "Analysis Tools", "Flight Vehicle/ Spacecraft Modeling Tools", and "Flight
Vehicle State-Space”. Using the following menu select the input file name
“FlexSc_CMG_FVP.Inp”, and the systems file name “FlexSc_ CMG_FVP.Qdr”, and click on
"Select Files".

ra "
Enter Filenames

Enter a File Mame containing
the Input Data [Hx=.lnp)

Enter a File Mame containing
the Quadruple Data [xex.0dr)

FlewSc_CMG_FWP.Inp

FlexSc CMG_FYP.Inp
FlewSc_CMG_FWP2lnp
HewFile Inp

Create Mew [nput Set

|FlexSc_ChG_FyP.Cd]

FlexSc CMG_FYF.Odr
MewFile. qdr
MHewFile.Cdr

E«it Program Select Files

—
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The following menu displays the titles of the two sets of spacecraft data which are saved in file
“FlexSc_CMG_FVP.Inp”. There is a rigid-body and a flexible model. We select the second title and
click on "Run Input Set". The following dialog displays the spacecraft data which are read from the
input file. We do not change anything, but click on the "Run" button which creates the spacecraft

model in file “FlexSc_CMG_FVP.Qdr”.

|

Select a Set of Input Data for "FLIGHT WEHICLE" from an Input File: FlexSc_CMG_FYP.inp

Fun Input Set

Rigid-Body Agile Spacecraft with 4 5G-CMG

Flexible Agile Spacecraft with 4 SG-CG

Wehicle System Title

E it Program

Create Mew

: e —

Flexible Agile Spacecraft with 4 5G-CMG

— Mumber of Yehicle Effect Mumber of Sensors

Gimbaling Engines aor Jets.
Include T ailwags-Dog?

Rotating Control Surfaces.
Include T ail-wags-Dog?

Reaction
Wheels?

Single
Girmbal
CMGs?

IT

Include a 3-axes
Stabilized Double
Gimbal CMG System?

WITH TwD
I o WITHOUT TwD
I o |WITH TwD
WITHOUT TwD

I D Momentum Control Devices

Gyroz I |
Acceleromet I E

Aero Vanes I 1}

eg

Ertemal
Torques

=

-

Output Rates in
IStabiIit_l,l Aues

Aero-Elazticity Optiohs
Include GAFD, H-param

Meither Gafd nor Hpa

Modeling Dptions [Flags]

Edit Input File | Edt |
Update D ata I Run |

Turn Coordination ?

Include Turn Coordin
\Withaout Turn Coordiv

Aftitude Angles

Irtegrals of Fates
LWLH Attitude

Save in File |

Number of Modes

StructureBendingI 40
Fuel Sloshing: IT

Reaction Wheels I Single Gimbal ChGs | Double Gimbal CMG Spstem I Slewing Appendages | Gyros | Accelerometer | Aero Senzore | Fuel Slogh | Flex Modes | Uszer Motes

ass Properties |

| Vehicle Mass Properties

Moments, Products of Inertia [slg-ft™2]

I | 14109.85 Iy | -31.03000
Iy | 13045.20 Inz | -11.87000
lzz | 1754.720 Iyz | 61,5100

Location of Center of Gravity [ft)

#eg I 0.000000
g I -0.2037500
Zcg I 0200700

Yehicle Mass in [gugs]

Earth R adius [Re] in [fest]

I 202.0500

Accelerat, due to Gravity [fta"sec"Z]I 3217000

I 0.2083600E +08

Trajectom D ata I Gust/ Aero Paramet. I fero Force Coeffs | Aero Moment Coeffs I Control Surfaces I Gimbal Engines/ RCS I Extemal Torques
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The Simulation Model

The simulation model used in this analysis is " Lin_Flex_Sim.mdl ", shown in Figure 3.5.1. It is
similar to the non-linear model shown in the previous section but is missing all the non-linearities in
the attitude control system and in the spacecraft dynamics. It uses Euler angles for attitude instead
of quaternion. The integrators in the PID are "on". It is not intended to be used for large angle
maneuvers but for analyzing stability and performance at nominal operating conditions, such as, the
initial condition when the gimbal angles are at zero and the CMG array momentum is zero.

Linear Simulation Model with Flexibility

(from FVP)
Spacecraft
b1 Control Steering Logic MG Gimbal Dynamics
attit cmd o e Controls rate
(deg) wer ——Pp{we deldot ———p|deldc atti

[111] —» ater Tc —P»|Tc
P>|delta deldot delta

deldot

Figure 3.5.1 Linear Simulation Model "'Lin_Flex_Sim.mdI*

The spacecraft plus CMG dynamics (green block) contains the state-space system from file
"sc_4cmg_flex.m", title: “Flexible Agile Spacecraft with 4 SG-CMG”, which was created using the
Flixan FVP. The state-space system is loaded into Matlab workspace by the initialization file
"start.m". It implements the linearized equations described in Section (2.2) Dynamic Equations of
Spacecraft with SGCMG. It is shown in detail in Figure (3.5.2). The inputs are four gimbal torques
provided by the gimbal control system designed to control the CMG gimbal rates. The gimbal servo
system and the steering were described earlier. The outputs are: spacecraft attitude, rates, and
accelerations at different locations, including flexibility. There is also gimbal rates, gimbal angles,
and CMG array momentum in body axis. The initialization file "start.m" is also loading the gimbal
control system gains, the mass properties, the CMG orientation angles, gimbal directions, and
momentum reference directions which are used by the steering logic.
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The attitude controller is shown in Figure (3.5.3). It has been simplified, by removing the phase-
plane, plus rate and energy limiting non-linearities, to a PID suitable for small angles steady-state
operations. This is when "kay" switches from one to zero at the completion of the phase-plane mode
of operation. The rate feedback loop of the PID controller is in the steering block.

atter wb
=
kp

CO—f ro>—
ater d2r wer

b 1]

S

ki Intl

Figure 3.5.3 PI Attitude Control System

Simulation Results

The following results were obtained from the simulation model by commanding one degree attitude
rotation in all 3 axes simultaneously. This model is not intended to be used for large angle
maneuvers because it is missing all the non-linear controls which limit rates and torques and it will
use unrealistic amounts of rates and torques. This model operates entirely in PID mode and it is
intended for evaluating the spacecraft stability and performance under small angles excitation. The
results show a step response time of about 2 seconds. Flexibility is more dominant in roll (blue).
The attitude error in roll is affected by flexibility but it eventually decays due to modal damping.
The gimbal angles respond to the flex mode excitation and so does the CMG momentum.
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4 SGCMG with Flex, 1 (deg) Maneuver

=
[=a]

Attitude Error
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o

Spacecraft Attitude (deg)
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Figure 3.5.4(a) Step Response and Attitude Error
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4 BGECMG with Flex
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Figure 3.5.4(c) Step Response and Attitude Error
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Stability Analysis

The Simulink model "Open_Loop.mdl", Figure 3.5.5 is used for open-loop frequency response
analysis, and consists of the same subsystems as Figure 3.5.1. The control loop is broken for
frequency response analysis at the P1 output, which is a (roll, pitch, and yaw) rate error command to
the steering logic. Only one axis is cut at a time while the other two remain closed. In the yaw
analysis example shown in Figure 3.5.5, the yaw loop is opened, but the roll and pitch loops are
closed. The Matlab file “freq.m” linearizes this model and calculates the frequency response
between the input and the output and plots the Bode and the Nichols plots. The stability analysis
plots are shown in Figure 3.5.6. Stability is measured by the phase and gain margins from the red
cross. The stability margins shown for roll and pitch are poor. Some lead-lag filters were later on
inserted in the PI output to improve margins (not shown here).

Spacecraft
Steering Logic Dynamics
PI Control CMG Gimbal .
rate
wb Controls
—P|wb
wer P> P we deldot ——p»{deldc atti
—|ater Tc —P»|Tc
_’ P detra deldot delta
@ deldot
ou -1 in

Figure 3.5.5 Simulink Model ""Open_Loop.mdI" Used for Frequency Response Analysis

The frequency response and stability analysis results shown in Figure 3.5.6 are identical to the
frequency response results obtained in the previous section in Figure 3.4.3.9. The stability margins
shown are poor but they have been improved with filters in more recent simulation files.
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Yaw Axis Open-Loop Frequency Response
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Robustness Analysis of the Four SG-CMG Spacecraft

Robustness is the ability of the system to tolerate uncertainties and variations, either internal
or external. Our next step is to analyze the spacecraft control system’s robustness to internal
parameter variations. The question is, how much parameter variations can a system tolerate
before it becomes unstable, or stops performing properly? Parameter uncertainties are
imprecise knowledge of the plant model parameters, such as in this case, the mass
properties, moments of inertia, CMG momentum, momentum direction, gimbal angle and
direction, etc. The structured uncertainties in a model are specified in terms of variations in
the actual plant parameters above and below their nominal values. We will use the IFL
method to "pull” the uncertainties out of the plant M(s). The uncertainties are represented by
a diagonal block A that is connected to the plant by means of some additional inputs and
outputs, as shown in Figure (1). An input/ output pair for each parameter variation ().

M(s) f=—

Figure 4 Closed-Loop Plant M(s) with the uncertainties block ""pulled out™

The IFL methodology is implemented in Flixan. The program reads the nominal plant
parameters for the spacecraft and the CMGs from an input file. It also reads the uncertainties
for some of the parameters from the same file. For every non-zero parameter variation the
program creates an additional input/ output pair that is supposed to hook up to a (3i) element
in the block. The magnitude of each element represents the maximum possible variation of
the parameter above or below its nominal value. In essence we create (n) additional inputs
and outputs to the plant that connect to the uncertainties block A, which is a block diagonal
matrix A= diag(d1,62,03,...0n). For convenience the diagonal block A is normalized so that its
individual elements now vary between +1 and -1. We also normalize the plant M(s) by
scaling its input/ output elements as needed to connect with the normalized A whose
elements are now bounded to £1. The individual elements of A may be scalars or matrices
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and each represents a real uncertainty in the plant. Some parameter variations which are
higher than rank-1 dependency may generate two or three (&i). An Ixz cross-product of
inertia, for example, will couple in both, roll and yaw axis, creating two separate 8i's, one in
roll and another in yaw axis. In this case we treat them as two separate uncertainties. M(s)
represents the known dynamics consisting of the plant model with the control system in
closed-loop form. The augmented state-space system is used to perform robustness analysis
using p. The system in this configuration is defined to be robust if it remains stable despite
all possible variations in the A block as long as the magnitude of each individual variation is
bounded below 5, or £1 in the normalized system. The structured singular value (p) is the
perfect tool for analyzing this type of robustness problems in the frequency domain. The
value of 1/u(M) represents the magnitude of the smallest perturbation that will destabilize
the normalized system M(s).

A K

Uncertainties

Wp Zp
—
w—ri P(s) —:
—
u. Y
Controller

K(s)

Figurela Robustness Analysis Model

The block diagram formulation, shown in Figure (1a), is used for u-synthesis or robustness/
performance analysis using (1) methods. The plant has inputs and outputs that connect to
the uncertainty block. It also has inputs and outputs that connect to the control system K(s).
It also has external disturbances (w) and output performance criteria (z) which are also
normalized to unity. We say that the plant meets sensitivity requirements when the mu
frequency response between (w) and (z) is less than one at all frequencies. Similarly, and
according to the small gain theorem, the closed-loop system is robust to the specified
uncertainties as long as w(M) across the normalized block A, (that is, between w, and zp) is
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less than one at all frequencies. Robust performance is when it satisfies both simultaneously,
that is, the mu frequency response between [wp, w] and [zp, z] is less than one at all
frequencies.

The analysis files for this example are in folder: "C:\Flixan\Examples\Flex Agile Spacecraft
with SGCMG & RCS\CMG Control\(g) 4SGCMG Robust_Anal”. The Flight Vehicle
Modeling program (FVP) creates two spacecraft models, a nominal model, and a similar one
that has 61 additional inputs and outputs for the 61 parameter uncertainties. Dynamically
both models are the same, except for the second model includes 61 internal parameter
uncertainties using fictitious inputs and outputs. We use the nominal model to do stability
analysis and to prove that the nominal system is stable and then we use the model with the
uncertainties to do robustness analysis. We must close the control loop (without commands)
and, as long as the system is stable, perform p-analysis across the uncertainty inputs and
outputs to check if there is any combination of uncertainties that will drive it unstable. The
Matlab analysis is performed in folder " CMG Control\(g) 4SGCMG Robust_Anal\Matan".
The spacecraft parameters are in the input file “FlexSc_4CMG.Inp”. The file includes also a
set of modal data consisting of 40 selected modes. The mode selection process is not shown
here because it is fully described in another example. The input file also includes the
parameter uncertainties in a separate set of data, title: "Uncertainties for Flexible Agile
Spacecraft with 4 SG-CMG". The parameter uncertainties are additive variations to the
nominal spacecraft parameters. Notice that, not all parameters should be varied and the user
must use caution in selecting which parameters to vary, because perturbing some parameters
does not create a plant variation, and this causes an error in the program. In this example we
vary the spacecraft moments and products of inertia, we vary the frequencies in 8 flex
modes, that is, the strongest 8 modes. We also add uncertainty in the CMG momentum £50
(ft-Ib-sec), the momentum direction, the initial gimbal angle (o), the CMG moment of
inertia about the gimbal axis (Jg), and the pyramid surface orientation angles (8, y). We did
not include variations in the gimbal directions and the CMG inertias (Js, Jo) because they do
not create plant variations, that is, only in this example.
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Spacecraft Model Creation

To generate the spacecraft models we will skip the input data file creation process and just use the
existing spacecraft and uncertainties data which are already saved in the input file "FlexSc-
ACMG.Inp". We start the Flixan program and select the current project folder:
"\Flixan\Examples\Flex Agile Spacecraft with SGCMG & RCS\CMG Control\(g) 4SGCMG
Robust_Anal”. Then from the main menu select “Analysis Tools”, “Robust Control Synthesis
Tools”, and “Modeling Vehicle Parameter Uncertainties”, as shown below.

r ————
Select a Project Director_A o

C:\Flixan'Examples\Robust Analysis Param Uncertainties'Sa

| Missile with Wing -
| ) Multi-Engine First-5tage Liguid B

|, Payload Damper

|| Robust Analysis Param UncerEi@
[> |, Lifting_Body

b | Satelite_RwW

4| | Satelite_SGCMG |

k ¥ T ¥

|, Docs
. Matan
|, Test =

=

Edit lysis Tools | View Quad Help

Flight Vehicle/Spacecraft Modeling Tools r " _ _—
Frequency Control Analysis 3 ;"'_"{..:q'ft'_'.i%.‘“ ity I r — -

Rebust Control Synthesis Tools » Medeling Vehicle Parameter Uncertainties
Creating and Modifying Linear Systems [ H-Infinity Control Design

File

Linear Quadratic Regulator
LQG/LTR
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From the filename selection menu select the input data file “FlexSc_4CMG.Inp”, and the output
systems file “FlexSc_4CMG.Qdr”, and click on "Select Files" button.

Enter a File Mame containing Enter a File Mame containing
the [nput Data [x=x.np) the Quadruple Data [ Gdr)

FlexSc_4CMG Inp 2 ACHG.Cdr

ACHG. Ihp FlexSe 4CkG.Gdr
FlaSc_2CMG_RW . Inp MewFile. Qdr
Satellite_R\W Inp
MewFile Inp

Create New Input Set E it Program Select Files

In the following menu choose the title of the data set that contains the spacecraft and CMG input
data in the nominal configuration and from the following menu chose the uncertainties data set.
There is only one set of uncertainties to choose from, and click "Run Input Set™ in both cases.

Select a Set of Input Data for "FLIGHT WEHICLE" from an [nput File: FlexSc_ 4CMG.inp

Fiun Input Set

Flexible &gile Spacecraft with 4 SG-CMG

Flexible &gile Spacecraft with 4 SG-CMG [Uncertainties] E xit Program

Create Hew

Select a Set of Input Drata for "UMCERTAIN PARAMETER * from an Input File: FlexSc_4CMG.inp

Rur Input Set

IIncertainties for Flexible dgile Spacecraft with 4 SG-CMG .
E st Program

Create Hew
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r
Flight Vehicle Parameter Uncertainties

Uncertainties Title

t azz Properties ] Trajectory Data

Reaction Wheels

SGCMG Momentum Uit Yector Direction

Single Gimbal CMGs

I Aern Force Coeffr ]
Double Gimbal CMG Spstem

This Vehicle has 4 Single Gimbal CMGs

Single Gimbal CMG Parameter ¥ariations for CMG No: 2

SGCMG Gimbal Unit Yector Direction

Aero Moment Coeffs ]

Control Surfaces ]
] Fuel Slosh ] Flex Modes ]

‘Mext 5

SGCMG Moments of Inertia

Uncertainties for Flexible Agile Spacecraft with 4 SG-CHG 26T O Al | Bt
Gimbaling Engires or Jets. IT Reaction ’T Structure Bending 10 Hpdateliol | Ry
Include Tailwags-Dog? Wwheels? Modes

Fiotating Control Surfaces. Single Gimbal Fuel Slozhing Save in File

Includs TailwWags-Dog? 0 CMEs? * Modes 0

Gimbal Engines/ RCS
User Comments

. Enter . Enter . Enter
Hominal Yalues Param. " ariations Nominal Yalues Param. " ariations Hominal Yalues Param. % ariations
H><| -1.0000 | 0.0000 G><| 0.0000 | 0.0000 Jspin | 1.2000 | 0.0000
Hy | 0.0000 | 010000 Gy | 0.92718 | 0.0000 Jgimb| 0.60000 | 0.B0000E-01
Hz | 0.0000 | 010000 Gz | 0.37461 | 0.0000 Joutp| 0.50000 | 0.0000
TN 2 - Marminal Param.
ChG Pyramid Qrientation Angles and Y ariations Values Vaniations
I omentum
beta | £8.000 | 1.5000 tagn. HO | 12000 | 50,000
Initial Gimbal
gamma| 180.00 | 1.5000 Ange [deg) | 0.0000 | 1.0000

The program displays the above dialog that consists of various tabs where the user may check the
validity of vehicle and uncertainties data. Each tab consists of a group of data. In the tab selection
above, the 4 Single-Gimbal CMG data and variations are shown. The parameters are in the light
blue fields on the left and the parameter variations are on the right. You may also check the pass
properties data, and the flex mode variations by clicking on the corresponding tabs.

Click on “Run” and the program generates the agile satellite state-space model and it will save it in
file “FlexSc_4CMG.Qdr”. It is also exported in Matlab format as a state-space function
“sc_4cmg_flex_unc.m” for p-analysis in Matlab. This system includes the 61 additional inputs and
the 61 additional outputs that connect to the uncertainty block A. In our p-analysis we don’t connect
it with a A block, but we simply compute the p frequency response between the 61 inputs and
outputs. Notice, that the input/ output pairs connecting to the uncertainty block A is greater than the
number of parameter variations. This is because some of the uncertainties are higher than rank-1
dependency, and they couple into more than one direction since they appear in 2 equations. The
products of inertia, for example, couple in two directions. Since we do not decouple the system but
analyze roll, pitch, and yaw axes together, it is acceptable to treat then as two separate parameter
variations although they originate from a single parameter variation.
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A much faster way to generate the spacecraft models is to run the batch set "Batch for Spacecraft
with 4 SG CMG" located on the top of the input data file. Start the Flixan program, and select the
project folder *...\Examples\Flex Agile Spacecraft with SGCMG & RCS\CMG Control\(g)
4SGCMG Robust_Anal” as before. Then, from the Flixan main menu, go to “Edit”, “Manage Input
Files”, and “Process/ Edit Input Data”, as shown below.

iz Flizan, Flight Vehic
File I Edit | Analysis Toocls View Quad Help

Manage Input Files (*.Inp) Create or Edit Batch Data
Manage System Files (*.0dr) Process / Edit Input Data

The program displays the following Menu/ Dialog. From the file selection menu on the left select
the input file “FlexSc_4CMG.Inp”. The menu on the right shows the titles of the data-sets which are
included in the input file. Select the batch on the top “Batch for Spacecraft with 4 SG CMG”, and
click on the “Execute Input Data” button to process the batch set. The Flixan program will generate
the systems and save them in systems file “FlexSc_4CMG.Qdr”. If a previous version of the
systems file already exists in folder the program will ask permission to recreate it, answer "Yes".

.

Point to an Input Data Filename Exi

and Click"S elect Input Filg" The following zets of input data are in file; FlexSc_ 4CMG. Inp it |
Flexbe_4CMBG Inp

FlesSe 4CME Ino Flight Vehicle : Flexible Rgile Spacecraft with 4 5G-CMG
FlsSe_2CMG_Fw Inp Flight Vehicle : Flexible Rgile Spacecraft with 4 5G-CHME (Uncertainties)
Satellﬁe_F!W]np To Matlasbk Format : Flexible Rgile Spacecraft with 4 S5&-CHE
To Matlsk Format : Flexible Rgile Spacecraft with 4 S5G-CHME (Uncertainties)
Modal Data : Flexible Rgile Spacecraft with 4 5G-CHME, Rll Flex Modes

Select Input File | Edit File |

Executes View Input Data |

Delete Data Setin File |

Relocate Data Set in File |

Copy to Another File |

| iew D ata-Set Comments I

”
Replace Systems File?

™% The systems filename: FlexSc 4CMG.Qdr
' already ewasts, Do you want to create it again?

Yes I
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The batch performs the following operations. It creates a nominal spacecraft model with 40 flex
modes, title: "Flexible Agile Spacecraft with 4 SG-CMG" in file “FlexSc_4CMG.Qdr”. It also
creates the perturbation model with the 61 uncertainties, title: "Flexible Agile Spacecraft with 4 SG-
CMG (Uncertainties)". The two state-space models are then converted to Matlab system functions,
"sc_4cmg_flex.m™ and "sc_4cmg_flex_unc.m”, respectively that can be loaded into Matlab. Both
systems contain roll, pitch, and yaw coupled vehicle dynamics. The second system, in addition to
the standard inputs and outputs of the first system, it includes also the 61 pairs of inputs and outputs
that connect to the uncertainties A block. This is the diagonal block that contains the normalized
uncertainties which vary between -1 and +1. Some of the uncertainties couple only in one axis, but
some uncertainties couple in more than one axis.

Simulation Model

Now, let us take a look at a linear simulation model that uses the nominal spacecraft dynamics
without parameter variations. This simulation model is in file "Lin_Flex_Sim.mdl", shown in Figure
(2). The model is initialized using file "start.m", which also loads the two spacecraft systems into
Matlab workspace.

Spacecraft
Steering Logic Dynamics
P1 Control CMG Gimbal
wb Controls rate
attit cmd wb
(deg) wer ————p»|we deldot ——p{deldc atti

111 +—p ater Tc P{Tc
P> delta deldot delta

deldot

Figure 2 Simulink model for the Flex Agile Spacecraft with 4 SG-CMGs, in file ""Lin_Flex_Sim.mdI""

The spacecraft dynamics (green) block consists of the nominal state-space system "sc_4cmg-flex.m"
(no uncertainties). The input is a vector of four CMG gimbal torques which control the gimbal rates.
The outputs are: spacecraft attitude, rates, CMG gimbal angles, and gimbal rates. The gimbal rate
commands come from the CMG steering logic, and the gimbal rate control system provides the
gimbal torques required to control the rates. The purpose of the steering logic is to control the
spacecraft rate by creating gimbal rate commands at the 4 CMG gimbals. The inputs to the steering
logic are: spacecraft rates, gimbal angles, and spacecraft rate error. The attitude control system is a
simple PI. The (D) part of the PID is included in the steering. In the simulation the spacecraft is
commanded to perform a one degree rotation in all 3 directions. The purpose of the simulation is to
demonstrate nominal system stability.
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4 SGCMG with Flex, Step Response

Spacecraft Attitude (deg)

Attitude Error

Tirme

Figure 3a Spacecraft attitude response to one degree command in all 3 directions

Figure (3a) shows a stable attitude response to 1° command in all 3 directions. The roll axis (blue)
takes longer to settle because flexibility is stronger in roll. Figure (3b) shows the spacecraft rate and
acceleration at two separate locations with different flex mode sensitivity. Figure (3c) shows the
gimbal angles and gimbal rates. It also shows the CMG momentum. The roll momentum oscillates
as the CMGs respond to the roll structural oscillations.
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4 3GCTMG with Flex
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Figure (3b & 3c) Spacecraft response to the one degree command in 3 directions
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Linear Stability Analysis

We also perform linear stability analysis to determine the phase and gain margins of the nominal
configuration. The file "freq.m" performs the open-loop frequency response analysis using the
Simulink model "Open_Loop.mdl", shown in Figure (4). This model uses the same subsystems as
the closed-loop simulation model, but has one axis loop opened and the other two closed. The
Matlab script linearizes (using the linmod function) the system across the opened input and output,
computes its frequency response and plots the Nichols plots, as shown in Figures (5a-5c).

Spacecraft
Steering Logic Dynamics
Pl Control CMG Gimbal .
rate
wb Controls
—P|wb
wer > P we deldot ——p»{deldc atti
—>|ater Tc —P{Tc
_’ P> |deita deldot delta
@ deldot
ou -1 in

Figure 4 Simulink model ""Open_Loop.mdI"" used for linear stability analysis
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Open-Loop Gain (dB)

Open-Loop Gain (dE)

Nominal System Stability Margins in the Yav Axis

Michals Chart

=180 135 -an -45 o 45
Open-Loop Phase (deg)

Mominal System Stability Margins in the Roll Axis

Michaols Chart
?D FT T T T T T T —

135 180 225 270 315 360 405
Open-Loop Phase (deg)
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Nominal System Stability Margins in the Pitch Axis
Michals Chart

Cpen-Loop Gain (dB)

135 180 225 270 Ky I 360 405
Open-Loop Phase (deg)

Figure 5¢c System is nominally stable in all 3 axes
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Robustness Analysis

Robustness analysis is performed by closing the attitude control loops (assuming that the closed-
loop system is stable) and by calculating the p-frequency response of the system across the
normalized perturbations block A. Since the diagonal elements of A do not vary more than +1, the
system is assumed to be robust when the SSV of the closed-loop system across the diagonal
perturbations is less than one at all frequencies. The following Simulink model "Robust-Anal.mdlI"
is used to calculate the mu.

Delta
—() Block
Unci uUnco
Robustness Analysis Model
. . Spacecraft
with Flexibility Dynamics
Unco
_ _ L P|Unci

Steering Logic rate

P1 Control CMG Gimbal
" —>|wb Controls atti
wer Pp-(we  deldot ——Pp|deldc delta

—pp»|ater Tc —P»{Tc

delta —»{deldot deldot

Figure 6 Simulink model "Robust_Anal.mdl"" used to calculate system robustness to parameter
variations

All subsystems are the same as the ones used in previous models, except for the spacecraft block
which now includes the additional inputs and outputs that hook up to the uncertainty block. The
spacecraft subsystem is shown in detail in Figure (7). It uses the state-space system
"sc_4cmg_flex_unc.m™ which includes the 61 additional inputs and outputs which model the
uncertainties. The Matlab script "freq.m" calculates also the u-frequency response of the linearized
system in Figure (6) assuming that the parameter variations are "real” (not "complex” because
complex variations are very conservative specially on flex mode variations). Figure (8) shows the
u-frequency response across the A block. It is less than one at all frequencies concluding, therefore,
that the system is robust to the parameter variations.
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Structured Singular Value Analysis of the Agile Spacecraft with 4 SGCMG using 61 Uncertainties

1|:|D ' e ————— ' e — ' e — T T T Tt T L |
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107 107 10" 10° 10’ 10°

Freguency (radfsec)

Figure 8 The Structured Singular Value frequency response across the perturbations block A is less
than one at all frequencies, therefore, system is robust to parameter variations.
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3.6 Spacecraft Configuration Using 2 SG-CMG and a RW

In the previous section we analyzed spacecraft configurations using four SGCMG that perform 3-
axis attitude control of the spacecraft for quick maneuvering between targets. The control law is
efficient, symmetrical and fast because it uses the max control torque and momentum capability of
the CMG devices as it performs eigenaxis maneuvers, assuming that the pointing requirement is the
same in all directions. But what if the maneuvering requirements on the spacecraft are not the same
in all directions? For example, if we want to point an antenna or a beam of light (which is along the
spacecraft x axis) in a certain direction we are more interested in the pitch and yaw efficiency of
response and much less in roll, since roll errors do not affect antenna operation. In addition, the
spacecraft which is normally pointing nadir (towards the earth center) is required to maneuver not
more than 40 degrees from nadir. Furthermore, the spacecraft moment of inertia in roll is much less
than in pitch and yaw axes, so the torque and momentum requirement in roll would be significantly
less than pitch and yaw. It is conceivable, therefore, and since the SGCMG are very costly devices
that we may be able to get by with fewer momentum control devices.

One Reaction
Wheel for slow
Roll control

Two Single Gimbal Control
Moment Gyros to provide fast
maneuvering in Pitch and
RW Torque Yaw directions

Single

Yaw Gimbal
Pitch
Gimbal
Single
Gimbal Y
CMG #2 * Spacecraft
“~._ body axes
T
e I
e |
/// I
X 4 '
7V

Figure 3.6.1 The Momentum Control System in this configuration consists of one Reaction Wheel
combined with two Single-Gimbal CMGs
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The Momentum Control System (MCS) described in this configuration consists of two single-
gimbal CMGs for pitch and yaw and only one reaction wheel for roll control, see Figure (3.6.1).
The RW momentum (spin) direction is parallel to the spacecraft roll axis and controls roll attitude.
The two SG-CMGs are spinning at constant rate and their initial (nominal) momentum directions
are along the +x and —x axis respectively, cancelling each other's momentum. Between operations
there are occasional momentum dumps using the RCS jets to prevent the MCS momentum from
reaching saturation. The momentum desaturation system is attempting to keep the CMG gimbals in
the nominal position and the RW speed at zero. Each CMG gimbals only in one direction relative to
the spacecraft and their momentum directions vary as they gimbal. CMG #1 is gimbaling in pitch,
and initially (when the gimbal is at zero and the momentum is along X) it generates a yaw torque.
The second CMG is gimbaling in yaw and it generates a pitch torque when the gimbal is in its
nominal zero position. When the CMGs are gimbaling at bigger angles, rolling torques are also
generated which are counteracted by the reaction wheel control system. The torque output direction
of each CMG varies. It is orthogonal to the momentum vector and the gimbal direction, and since
the momentum direction is constantly changing the steering algorithm must keep track of the
gimbal angles (i) and calculate the gimbal rate commands for the two SG-CMGs. It calculates also
the roll torque command for the RW.

The Line-of-Sight (LOS) direction of the antenna is along the spacecraft x-axis, and the main
priority of the ACS is to point the LOS at the target as fast as possible, which requires pitch and
yaw maneuvering. Positioning the spacecraft in roll is a secondary priority and it is acceptable if it
takes longer to converge in roll in comparison to pitch and yaw. Attitude maneuvering in pitch and
yaw should, therefore, be performed faster using the CMG’s, while the roll axis is controlled by the
reaction wheel system which is slower. The CMG torque capability in pitch and yaw and the control
system bandwidth is much greater than the RW torque and bandwidth controlling the roll axis and
the MCS, therefore, cannot perform ideal eigenaxis maneuvers as it was demonstrated by the 4 SG-
CMG control system in previous sections. For comparison purposes, the LOS pointing error will be
shown separately from the roll error.
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Spacecraft Dynamics

The spacecraft rotational acceleration @ is a function of the internal reaction wheel torque (Trw),
the CMG internal torque (Tcma), and also the external torques (Text)

‘]ch:ICMG"’[l 0 O]TTRW_QX(‘]SCQ)_I_IeXt

Where: Tcwme is the CMG torque and Trw is the reaction wheel torque in spacecraft body. The CMG
torque is a function of the gimbal rates and angles as defined in equations (2.2 and 2.4). It consists
of torques transmitted through the gimbals and gyroscopic torques transmitted through the bearings.
The RW motor speed control dynamics is ignored and we assume that the RW torque is equal to the
commanded torque from RW steering, but it is limited to less than £10 (ft-Ib).

The reaction wheel rate of change of momentum is a function of the reaction wheel torque which is
in the x direction. lw is the wheel moment of inertia about the spin axis.

Hey +oxHey =[L 0 0] Ty,
The reaction wheel spin rate in (rad/sec) is
Heaw @

I

w

Wew =

The CMG rate of change of momentum is a function of the internal CMG torque (Tcme). The
control torque experienced by the spacecraft in body axes due to gimbaling (8) is (= H_,, ), which is

the rate of change in the CMG momentum.
Hewe +@xHews = —Tews

- ﬂCMG =Ten = _[A(5)]é

cmg

The (2x3) matrix [A] consists of two column vectors (ai) which are functions of the gimbal angles
(8i). They are also functions of the CMG quad and reference directions (gi and r;).

A(S)=(a, a,)where:a, =@i oSS, —r,sin g, )hCMG(i)

The two CMG gimbal directions are in pitch and yaw:

00
m=(1 0
0 1
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The two CMG momentum reference directions (initially facing in opposite x directions at zero
gimbal angles) are:

1 -1
r=/0 O
0 O

The quad directions from the cross-product (m; X r;) are:

0 O
g=| 0 -1
-1 0

The CMG gimbal rates are controlled by a servo system that generates gimbal torques. The servo
torques are attempting to counteract the gyroscopic disturbance torques created by the spacecraft

rate. © and ¢ are the spacecraft rates resolved about the CMG reference and quad axes, as defined in

equations (2.3). The CMG gimbal inertial acceleration is obtained by integrating the gimbal
moment equation below, ignoring friction. Tg is the motor torque applied at the gimbal. Even
though the CMG moment of inertia about the gimbal Jg is relatively small, the gyroscopic moment
caused by the CMG momentum hemg coupling with spacecraft rate is a big torque, requiring a
powerful gimbal servo-motor in order to control the gimbal rate.

3,8 + Ny (65N 5 = feos 5)=T,

cmg (i

We also check the simulation by calculating the system momentum which is always constant. In
this case it's zero because it is initialized at zero.

ﬂsys =Je@+Hcye +Hgy =const.

This dynamic model is implemented in Matlab function "SC_RW _2CMG_Dyn2.m". There is also a
simple dynamic model implemented in Matlab function "SC_RW_2CMG-Dynl.m" that has
simplified gimbal dynamics. The gimbal torques are not calculated in this model, but the gimbal
rates are assumed to follow the commanded rates. The servo system is replaced by a 12 Hz second
order CMG gimbal rate control model. These dynamic models are used in separate simulations. The
attitude quaternion is updated using body rate with flexibility included (wi= w + ws). Flex rate at the
gyro (wys) is provided by the flex state-state model that gets excited by the MCS torque.
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function xdot= SC_RW_2CMG_Dyn2(x,Tci,Tw,Td,wfF)

global nc d2r r2d
global J Jinv Iw Jsi Jgi Joi hcmg

S/C Body rates (rad/sec)
S/C Quaternion Attitude

% State Variables (X)

% x(1-3) = Body rates w) (rad/sec)

% x(4-7) = Quaternion

% x(8:10) = h (CMG momentum)

% x(11:13) = RW Momentum

% x(14:15) = deldot

% x(16:17) = delta

% Inputs:

% Tci(2) = Gimbal Torques (ft-Ib)

% Tw(l) = Reaction Wheel Torque in spacrft x-axis, (ft-Ib)
% Td(3) = Disturbance Torque (ft-1b)

% wf(3) = Flex rate only from FEM system

Y m — m e e e ————————_——
xdot= zeros(30,1);

w= x(1:3);

qt= x(4:7);

h = x(8:10);

hrw= x(11:13);
deldot= x(14:15); delidot=deldot;
delta = x(16:17);

wt= w+wf;

wr = hrw(1)/1w;

Twi= [Tw, 0, 0]";

hs = J*w + h + hrw;

[Pj,thd,phd,ddd]= Transforms(delta*r2d,w);

Tcmg=zeros(3,1);

for i=1:nc
sd=sin(delta(i)); cd=cos(delta(i));
Mj= [Tci(i);

deldot(i)*((Jsi-Jgi)*(thd(i)*cd+phd(i)*sd) +hcmg(i)); - ..
deldot(id* (Jgi-Joi)*(phd(iy*cd-thd(iy*sd)];

Temg= Temg - Pj(:,:,1)*Mj;
delidot(i)= delidot(i) + ddd(i);
end

xdot(1:3)= Jinv*(Tcmg +Twi - cross(w,J*w) );
xdot(4:7)= 0.5*[0 wt(3) -wt(2) wt(l);
-wt(3) 0 wt(l) wt(2);
wt(2) -wt(l) 0 wt(3);
-wt(1l) -wt(2) -wt(3) O0]* qt;
xdot(8:10)= -Tcmg - cross(w,h);
xdot(11:13)= -Twi - cross(w,hrw);
for i=1l:nc
sd=sin(delta(i)); cd=cos(delta(i));
xdot(13+1)= (Tci(i)-hcmg(i)* ...
(thd(i)*sd-phd(i)*cd))/Jgi;
xdot(15+i)= x(13+i);
end

% Additional Outputs
xdot(18:20)= hs;
xdot(21:23)= wt;
xdot(24:26)= h + hrw;
xdot(27:29)= Tcmg + Twi;
xdot(30) = wr;

React Wheel Momentum (body)
Gimbal Rates relatv to s/c
% Gimbal Angles (rad)

%
%
% CMG Momentum
%
%

% Total body rate + flex

% React Wheel Rate (rad/sec)
% Wheel Torque Vector (ft-Ib)
% System Momentum (hs)

% SC Rates al ref, quad, gmb

% Calc CMG Torque in Body
% CMG Torque in CMG axis

% Torque on Vehicle
% Delta_lnertial_dot (rad)

Vehicle acceleration
Quaternion Update
includes flex)

X=X

X

Hcmg_dot
% R-Wheel Momentum dot

% Gimbal acceler delta-ddot

% Gimbal rates delta-dot

% System Momentum

% Total Vehi rate

% CMG + RW Momentum

% CMG + RW Torques on s/c
% Wheel Rate (rad/sec)
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Attitude Control System

The attitude control system is shown in Figure (3.6.2). The quaternion command (Qcom) IS
synthesized from the specified rotation angle and the eigenaxis command unit vector (com_dir).
The quaternion command is compared with the spacecraft attitude quaternion feedback (Qf). The
quaternion error (ge) is calculated using function “gerror2.m”, and it is an input to the max energy
attitude control function “MaxEn_ACS.m”. The output is a body rate command (wc), in roll, pitch,
and yaw, which is an input to the steering logic. The ACS is a dual mode attitude control system. It
uses a non-linear phase-plane logic when the attitude errors are large and it switches to PID control
when the attitude error becomes small. Only the (P1) control gains are included in the ACS function.
The rate feedback (D) part is implemented in the steering function. The switching criterion between
phase-plane and PID control operations (qwm) is a combination of attitude magnitude plus rate
magnitude. When it becomes sufficiently small it triggers the switch (kay) from zero to one which
turns on the integrators that further improve command tracking performance. The control mode
switching logic is implemented by means of an integration feedback loop. The ACS implementation
is different in pitch and yaw than it is in roll using different bandwidths and PID gains. The phase-
plane parameters are also different because the roll axis response is expected to be more sluggish
than pitch and yaw which determine the Line-of-Sight (LOS) pointing performance.

filt intgr
Attitude =
Controller =
x4 ky
T =
Quaternion X Integr_5
Qcom Error — kay
CO—>fe
MATLAB we
Qf € Function we >|§| we
Qm ACS g @
ger
L | wc body rate
@ - command
wb wcC

Figure 3.6.2 Max Energy Attitude Control System uses the function “MaxEn_ACS.m”

function dot= MaxEn_ACS(x,qe,wb)

global Ix ly 1z d2r r2d

global Tmax maxvel maxvil

% PID Attitude Controller with Energy and Velocity Limits

% Energy Manager and Maximum Velocity Limit for Large Errors
% Linear PID Controller for Small Errors

O — e -

% State Variables (X)

% x(1-3) = Position Integration
% x(4) = Ky Integrator

% x(5) = Ky Filter

% Inputs:

% ge(3) Attitude Error

% wb(3) Vehicle Body rates
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% Outputs:
% dot(6:8) = wc (veloc command)
% dot(9:11)= [ky,angle,qwm]

dot= zeros(11,1);

Jd= [Ix, ly, 1z];

tlim=[10.0, Tmax,Tmax];

mx=tlim./Jd;

ki=0.08; kp=3.0; ki2=0.012; kp2=0.3;
a=asin(sqgrt(ge“*ge)); angle=a*2*r2d;
wbm=sqrt(wb**wb)*r2d;

gwm= 0.3*Cangle + wbm*3);

gl=qge(1l); qg=qge(2:3);
ky=(1.0-x(5)):

% 11 outputs

% Ixx lyy lzz (slug-ft"2)
% Max Torques X,y,z

% Max accelerations

% PI1 Gains

% Maneuver error angle

% Rate Error magnitude

% attit + rate error magn

% Split [ptch,yaw]&[roll]
% x(5)= (from 1 to 0)

dot(1) = ki2*gl - (ky*ki2/kp2)*(x(1) +kp2*ql); % Roll Posit Integrat.
dot(2:3)= ki*qq - (ky*ki/Zkp)*(x(2:3) +kp*qq); % Ptch/Yaw Posit Integrat

wcece(l) = kp2*ql + x(1);
wcee(2:3)= kp*qq + x(2:3);
wcc = zeros(3,1); wc=wcc;

% Energy Limit - —————————-——-————

if (gq"*qq)==0; alim=0; wclim=[0;0];

% P1 controller (xX)
% Pl controller (y,z)
% Initialize

else; alim=1/sqrt((ge(2)/mx(2))"2+(ge(3)/mx(3))"2);

wclim= sqrt(2*qq-*qg*alim); end

if q1==0; aliml=0; wclm1=0;

else; aliml= abs(mx(1)/ql); wclml= sqrt(2*gl*ql*aliml); end

for i1=1:2

% The 2 SG-CMGs

ifT abs(wccc(i+l))>=wclim(i) & sqrt(gqq®*gqgq)>0.00001 & abs(wccc(i+1))>0
wee(i+1)= weec(i+1D)*wclim(i)/abs(wccc(i+l));

else; wcc(i+1l)= wccc(i+l); end
end

if abs(wccc(1))>=wclml & abs(gl)>0.00001 & abs(wccc(1))>0 % The RW

wcec(1)= wcecec(l)*weclml/abs(wcecec(l));
else; wcc(1)= wccec(l); end

% Velocity Limit ————----—--mmm

iT abs(wcc(l))>maxvll; wc(l)=maxvll*ql/abs(ql); else; wc(l)= wcc(l); end
if sqrt(wcc(2:3)"*wcc(2:3))>maxvel; wc([2:3],1)=maxvel*qq/sqrt(qq *qq);
else; wc([2:3],1)=wcc([2:3],1); end

dot(6:8)= wc;

% Compute Ky —-————————— oo
del=0; if gqwm<l; del=1; end

dot(4) = del*2;

ifT x(4)>1; dot(4)= dot(4) + (1-x(4))*4; end

if x(4)<0; dot(4)= dot(4) - x(4)*4; end

kyin = max(0,min(1.0,x(4)));

dot(5)= (kyin-x(5))*4;

dot(9:11)= [ky,angle,qwm]";
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CMG and RW Steering

The Momentum Control System (MCS) steering law is the inner rate loop in the attitude control
system that controls the spacecraft rate by issuing gimbal rate commands to the CMGs and a torque
command to the reaction wheel. Figure (3.6.3) shows the Simulink diagram of the steering
subsystem which is implemented in function “Steering_ RW-CMG.m”".

CMG & RW Steering & Rate Control Roll RW
Torque
whb Comd
body rate
O ———
N i
Twc
rate cmd .—}( )
- > CMG Steering El_ q
Twc eldot
wem Rate Control
delt »(2)
<D N MATLAB | h
Function | Trwe ddotc
Clock deldot EI _>
t
( ) I > det
det Pitch & Yaw
Gimbal Rate
time Commands
wheel rate

wr

Figure 3.6.3 Steering and Singularity Avoidance System using the function “Steering_ RW_CMG.m”

The input is spacecraft rate error (we) which is rate command minus body rate. The rate errors are
converted to acceleration commands (W_,) by multiplying them with rate gains, which are
different. The roll gain is lower than pitch and yaw because of reduced bandwidth and control
authority in roll. The acceleration commands (\,,,) are limited by software limits that prevent

excessive torque demands. The CMG gimbal angles are also inputs to the steering control law. They
are used for calculating the gimbal rate commands and an estimate of the CMG momentum from

the following equation.
2

Heove = Z(Li COS J; + 9 sing, )hCMG(i)

i=1
The input torque (Tcwme) is the internal control torque provided by the CMGs and it consists of the
commanded control torque (Tcon) plus an estimate of the gyroscopic torque wx H .. The control
torque is the CMG steering logic —[A(5)]8 which is a function of the gimbal rates.

ICMG = Icon _ (Q X ﬂCMG )estim
Tewe = _[A(é‘)]é - (Q x H cue )estim
The CMG gimbal rate commands are calculated from the following equation where the second term

uses an estimate of the system momentum to counteract the gyroscopic effects due to accumulated
system momentum.
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écom = _{[AT A+ ﬂvE]‘1 AT } [J schom + (Ct) xH sys )estim]

Where w_,. = (0 Weomzy  Weoma) )T consists of only the pitch and yaw elements of the body rate
commands.

After substituting o =0, in the spacecraft dynamics equations we obtain the following

relationships, meaning, that the rate of change of CMG momentum is equal to the control torque,
and that the spacecraft rate is equal to the commanded rate.

=W

= —Ccom

HCMG = [A(5)]é =—Ton = _[‘] se Weom + (Q xHys )estim]

The (2x3) matrix [A] consists of two column vectors (ai) which are functions of the gimbal angles
(6i). They are also functions of the CMG quad and reference directions as shown below.

A(®)=(a, a,)where:a, =@i oSS, —r,sin g, )hCMG(i)

There is also a gimbal rate command limit (wciim). The term (AE) is used for avoiding singularities
(gimbal locks) in the pseudo-inversion of matrix A(3).

1 0.01sin(0.2t
={ sin( )}; and 4 =10°

0.01sin(0.2t) 1 det(AT A)

The estimated system momentum consists of spacecraft plus CMG plus reaction wheel estimated
momentum.

ﬂsys =J@+Hcye +Hrw

The reaction wheel torque command (Trw), Which controls roll, is calculated from the following
equation. The second term is counteracting the gyroscopic torque generated in roll due to spacecraft
rate coupling with system momentum. The torque command does not exceed +10 (ft-1b).

Tew = Jox Weomqy _[QXHRW]'[]- 0 O]T
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function out= Steering_RW_CMG(wb,wbc,delta,t,wr)

global m ref quad wemg d2r r2d
global J Jinv Ix ly Iz lw hcmg
global Alim ddmax

% Inputs:
% wb(3) Body rates
% wbc(3) Body rate commands

Gimbal angles
time
R-wheel rate (2z)

% delta(2)
% t
% wr(1)

krc= 5.2; krw=2.5;
out= zeros(7,1); h= [0 0 0]";
we = wbc-wb;

wdotl= krw*we(l); wdmgl=abs(wdotl);

wdot2= krc*we(2:3); wdotmag=sqrt(wdot2"*wdot2);

% Acceleration Limit

if wdmg1>0.008; wdotl= 0.008*wdotl/wdmgl; end

%

ifT wdotmag > Alim; wdot2= Alim*wdot2/wdotmag; end %

for i=1:2
A(z, D)=(-sin(delta(i))*ref(:
h = h + (cos(delta(i))*ref(:

end

% Singularity Avoidance Logic

lamb= 1.0e6/det(A"*A);

E= [1 0.01*sin(0.2*t);
0.01*sin(0.2*t) 1];

pinverse= inv(A"*A + lamb*E)*A*";

hrw= [1 0 O] "*lw*wr;

Hsys= J*wb + h + hrw;

Hmcs= h+hrw;

hdot = J*[0;wdot2];

deldot= -pinverse*(hdot-cross(wb,Hsys));

ddmag=sqrt(deldot”*deldot);

if ddmag>ddmax
deldot=ddmax*deldot/ddmag;

end

gyro= cross(wb,hrw);
out(1)= Ix*wdotl - gyro(l);
out(2:3)= deldot;

out(4:6)= h;

out(7)= 1/lamb;

217

CMG, RW rate gains

7 outputs

Rate error

RW Accelerat Command
CMG Accelerat Command

x accelerat
imit y & z accelerat

i) + cos(delta(i))*quad(:,i))*hcmg(i);
,i1) + sin(delta(i))*quad(:,i))*hcmg(i);

RW momentum
System Momentum
Comb MCS Momentum

Desired torque in y,z
Delta dot command
Gimbal rate magnitude
Limit Gimbal rate

Gyro torque resolved in the x axis
R-Wheel Torque command



Analysis Models and Files

The files for this analysis are located in folder “C:\Flixan\Examples\Flex Agile Spacecraft with
SGCMG & RCS\CMG Control\(d) Flex SC with 2SGCMG+RW ACS”. This folder contains the
spacecraft with RW and CMG dynamics in file “SC_RW_2CMG-Dyn2.m”, the simulation model in
file “MaxEn_RW _2SGCMG_Flex.mdl”, and the initialization file “start.m” that initializes the
simulation parameters, such as, mass properties, CMG and reaction wheel parameters and axes,
initial spacecraft attitude, rate, wheel rate, and CMG gimbal angles, acceleration and velocity limits
in the attitude control system, torque limits, and the direction of the commanded maneuver which is
a unit vector. There is also a simple simulation model that does not include detailed gimbal
dynamics and structural flexibility in Simulink file “MaxEn_RW_2SGCMG.mdI” which uses the
function “SC_RW_2CMG_Dyn1.m”. This model is also initialized by “start.m”. The CMG and RW
steering law is in function “Steering_ RW_CMG.m”, and the attitude control law is in function
“MaxEn_ACS.m”. There are linearized versions of these functions in files “Steering_Lin.m” and
“ACS_Lin.m” which are used for frequency response stability analysis by running file “freq.m”. The
structural flexibility state-space model “flex_only fem_s.m” is combined with the rigid-body non-
linear dynamics function “SC_RW_2CMG_Dyn2.m”. It was calculated in section (1) and used in
previous CMG simulations. It consists of only flex dynamics (no rigid-body modes). Although the
flex model has many inputs and outputs we are only using the transfer function between the MCS
torques at node #6 and the rate gyro sensors at node #2. There are also two plotting files “pl1.m”
and “pl2.m” that plot the simulation results from the simple and detailed simulations respectively.
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Simple Simulation Model

The simple Simulink model “MaxEn_RW_2SGCMG.mdl” is shown in Figure (3.6.4). The ACS is
common to both models and was described earlier. The steering law is shown in Figure (3.6.5). It
calculates the RW torque command and the CMG gimbal rate commands. The RW torque is limited

to +10 (ft-Ib).

body rates
Steering &
Rate Control Spacecraft
Attitude Attitude ——P|wb Twe ——P{Trw wh
Command Controller
30 deg —P>|wb
Qcom ——Pp»[Qcom  we ———Pp{wem delta ——Pp»|delta quat
—>{Qfb
— > wr deldot ——p»|deldot wr
RW rate

quaternion feedback

Figure 3.6.4 Simple Spacecraft model using Max Energy Control with one RW and two SG-CMG
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Figure 3.6.5 CMG and RW Steering
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CMG Non-Linear Dynamics
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Figure 3.6.6 Second order CMG dynamics

Figure (3.6.6) shows the simplified 2" order gimbal dynamics. There are no gimbal torques in this
model. The inputs are pitch and yaw gimbal rate commands for the two CMGs, and the outputs are
gimbal angles, rates, and gimbal accelerations. The integrators have limits (Wcim and Aciim) to
bound the gimbal rates and accelerations respectively. The gains are a function of the CMG servo
system bandwidth and damping coefficient (wemg and zeta) defined in the initialization file
“start.m”. The spacecraft dynamic model is shown in Figure (3.6.7). It is implemented by Matlab
function “SC_RW_2CMG-Dynl.m”. The inputs are RW torque, gimbal rates and angles. The
outputs are body rates, attitude quaternion, wheel rate, CMG and system momentum, and the
combined MCS torque. The file “pl1.m” plots the results when the simulation is complete.
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Figure 3.6.7 Spacecraft dynamic model uses the function “SC_RW_2CMG_Dynl.m”
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Simulation Model with Structural Flexibility and Gimbal Controls

The detailed simulation model is in file “MaxEn_RW_2SGCMG_Flex.mdl” and is shown in Figure
(3.6.8). The ACS and Steering laws are the same as in the simple model and they were described
earlier. The CMG dynamics, however, is not represented by a second order transfer function with
rate and acceleration limits, but in this case we are modeling the gimbal rate control servo system
which provides actual torques at the CMG gimbals. This model captures the gyroscopic torques at
the gimbals due to the @ x h effects. The RW torque mechanization is the same as before.

attitude quaternion

body rate
. . Spacecraft
Attitude Steering & [E) namics
Controller Rate Control Y
wb wb i
Twe React-Wheel Torque > Tw ot
L——P|Qfb wec ——Pp»|wem a
CMG Gimbal Cont.
Qcom +——p»(Qcom ——P{wr .
Attitude o el celceny P> deldc delta
Command T W Tg
30 deg |—> deldot deldot —‘
gimbal rates
gimbal angles

Re Wheel rate

Figure 3.6.8 Spacecraft simulation model with structural flexibility and detailed gimbal dynamics
included

Figure (3.6.9) shows the gimbal servo system that controls the gimbal rates. The inputs are gimbal
rate commands and gimbal rate measurements from the CMG resolver. The gimbal rotational
dynamics are included in the spacecraft dynamics block and will be discussed later. The outputs are
pitch and yaw gimbal torques (Tgi) for the two CMGs. It is basically a (Pl) controller where its
proportional and integral gains are determined from the control system bandwidth. The bandwidth
is set high (35 Hz) because the servo has to fight the gyroscopic torques which are not small. There
is a torque limit that limits the gimbal torque because the servo motor has limited torque capability.
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Figure 3.6.9 CMG gimbal rate control system

The spacecraft dynamics block is shown in detail in Figure (3.6.10). The spacecraft, CMG and RW
dynamics is implemented in Matlab function "SC_RW_2CMG_Dyn2.m ", shown below. The state-
vector consists of 17 states (body rates, quaternion, CMG momentum, RW momentum, gimbal
rates, and gimbal angles). The state derivatives (Xdot) are generated by the spacecraft function, they
integrated externally, and they are fed back as input states (x). The remaining inputs are: CMG
gimbal torques (Tgi), RW torque (Tw), disturbance torque (Tq), and flex rate (ws) from the structural
flexibility model. A combined rigid-body plus flex rate (wx) is generated by adding the rigid-body
(w) and the flex rates (ws) together. The attitude quaternion is propagated using the combined rate
(wt). The RW angular rate (hnw) is computed from the RW momentum. The system momentum (hs)
consists of spacecraft plus CMG plus RW momentum. It is calculated to make sure it remains
constant when the external disturbances are zero.

The function "Transforms™ resolves the spacecraft rates along the CMG (ri, gi, and m;) directions
based on the gimbal angles (&i), see equation (2.3) in Section 2 (Spacecraft with Single Gimbal
CMG). It computes also the projection matrix [Pj], equation (2.5) which is used to calculate the
CMG torques in the spacecraft axes. The dynamics program continues to calculate the torque
applied on each CMG along the three reference axes, that is, gimbal, spin, and output axes. The
torques are converted using matrix Pj, to total CMG torque in spacecraft axes (Tcmg). The gimbal
accelerations Xdot(14:15) are computed as a function of the applied torques. Each gimbal experiences
two torques, the torque applied by the servo motor Tgi, and a gyroscopic torque as described in
equation (2.16). The motor torques are constantly trying to fight the gyroscopic torques in order to
control the gimbal rates as dictated by the steering law. The dynamics function also calculates the
combined CMG plus RW torque in body axes (Tmcs), and the combined CMG plus RW momentum
(Hmes) in body axes. Tmcs is used as an input to the flex model to excite the structural dynamics. The
flex dynamics is a state-space model "Flex Only Spacecraft with RCS and CMG" which is read from
function "flex_only_fem_s.m™ and it was used in earlier examples using 4 CMGs. It contains only
flex modes (no rigid modes). Its output (ws) loops back and becomes an input to the spacecraft
model, as shown in Figure (3.6.10). A filter is used in the out-of-plane combined rate (w) to
attenuate a flex mode at 14 Hz.
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function xdot= SC_RW_2CMG_Dyn2(x,Tci,Tw,Td,wfF)

global nc d2r r2d
global J Jinv Iw Jsi Jgi Joi hcmg

S/C Body rates (rad/sec)
S/C Quaternion Attitude

% State Variables (X)

% x(1-3) = Body rates w) (rad/sec)

% x(4-7) = Quaternion

% x(8:10) = h (CMG momentum)

% x(11:13) = RW Momentum

% x(14:15) = deldot

% x(16:17) = delta

% Inputs:

% Tci(2) = Gimbal Torques (ft-Ib)

% Tw(l) = Reaction Wheel Torque in spacrft x-axis, (ft-Ib)
% Td(3) = Disturbance Torque (ft-1b)

% wf(3) = Flex rate only from FEM system

Y m — m e e e ————————_——
xdot= zeros(30,1);

w= x(1:3);

qt= x(4:7);

h = x(8:10);

hrw= x(11:13);
deldot= x(14:15); delidot=deldot;
delta = x(16:17);

wt= w+wf;

wr = hrw(1)/1w;

Twi= [Tw, 0, 0]";

hs = J*w + h + hrw;

[Pj,thd,phd,ddd]= Transforms(delta*r2d,w);

Tcmg=zeros(3,1);

for i=1:nc
sd=sin(delta(i)); cd=cos(delta(i));
Mj= [Tci(i);

deldot(i)*((Jsi-Jgi)*(thd(i)*cd+phd(i)*sd) +hcmg(i)); - ..
deldot(id* (Jgi-Joi)*(phd(iy*cd-thd(iy*sd)];

Temg= Temg - Pj(:,:,1)*Mj;
delidot(i)= delidot(i) + ddd(i);
end

xdot(1:3)= Jinv*(Tcmg +Twi - cross(w,J*w) );
xdot(4:7)= 0.5*[0 wt(3) -wt(2) wt(l);
-wt(3) 0 wt(l) wt(2);
wt(2) -wt(l) 0 wt(3);
-wt(1l) -wt(2) -wt(3) O0]* qt;
xdot(8:10)= -Tcmg - cross(w,h);
xdot(11:13)= -Twi - cross(w,hrw);
for i=1l:nc
sd=sin(delta(i)); cd=cos(delta(i));
xdot(13+1)= (Tci(i)-hcmg(i)* ...
(thd(i)*sd-phd(i)*cd))/Jgi;
xdot(15+i)= x(13+i);
end

% Additional Outputs
xdot(18:20)= hs;
xdot(21:23)= wt;
xdot(24:26)= h + hrw;
xdot(27:29)= Tcmg + Twi;
xdot(30) = wr;

React Wheel Momentum (body)
Gimbal Rates relatv to s/c
% Gimbal Angles (rad)

%
%
% CMG Momentum
%
%

% Total body rate + flex

% Reaction Wheel Rate (rad/sec)
% Wheel Torque Vector (ft-Ib)

% System Momentum (hs)

% SC rates al (ref,quad,gimb)

% Calcul CMG Torque in Body
% CMG Torque in CMG axis

% Torque on Vehicle
% Delta_lnertial_dot (rad)

Vehicle acceleration
Quaternion Update
includes flex)

X=X

X

Hcmg_dot
% R-Wheel Momentum dot

% Gimbal acceler delta-ddot

% Gimbal rates delta-dot

% System Momentum

% Total Vehi rate

% CMG + RW Momentum

% CMG + RW Torques on s/c
% Wheel Rate (rad/sec)
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The following file "start.m™ initializes both simulation models.

global m ref quad wcmg zeta bet gam nc d2r r2d
global J Jinv Ix ly Iz Iw Jsi Jgi Joi hcmg

global Hmax Tmax Alim Jlim maxvel maxvll Aclim Wclim

d2r= pi/180; r2d= 180/pi;
[Af, Bf, Cf, Df] = flex_only_fem_s;
Ctr=[010; 100; 00 -1];

J= [0.17E+94, -0.16e+93, O0.11E+92;
-0.16e+93, 1.30E+94, 0.31E+92;
0.11E+92, O0.31E+92, 1.41E+94];

Jinv=inv(J); Ix=J(1,1); 1y=3(2,2); 1z=3(3,3);

% CMG data

m= [0 O;
1 0;
0 1]:

ref= [1 -1;
0 0;
0 01:

for i=1:2;

quad(:,1)=cross(m(:,1),ref(:,i));
end

bet= [-90,0]"; gam=[0,-180]; nc=2;
wc=250; z= 0.98; lamb=0.4;

Jsi= 1.2; Jgi= 0.6; Joi= 0.8;
Kii=lamb*Jgi*wc"3;
Ka=(1+2*z*lamb)*Jgi*wc"2;
Kb=(2*z+lamb)*wc/Ka;

% RW data

Hm= 350;

Wm= 3500*2*pi/60;
Iw= Hm/Wm;
Twmax=10;

% Initialization data
wbO= [0 O 0]*d2r;
Qto= [0 O 0 1];

hoO = [0 0 O];
hrwO=[0 O O0];
deldotO= [0 O0]*d2r;
delta0 = [0 0]*d2r;
wr0=0;

ini = [wb0,Qt0,h0,hrw0,deldotO,deltal];

ini2= [wb0,Qt0,wr0];

Tglim=40;

Aclim=200*d2r; Wclim=60*d2r;
Alim= 0.022; Jlim=120*d2r;
maxvel=0.04; maxv11=0.025;
Tmax=250;

Hmax=1200; hcmg=[Hmax, Hmax];
wcmg= 80; zeta= 0.9;

com_dir=[0; 1; 1];

com_dir=com_dir/sqgrt(com_dir"*com_dir);

XX

%

S

XX

XXX

EXRXEXRS

Y%

S
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Load Flex Only Spacecr Dynamics
Appendage Transform Matric

Vehicle MOI matrix in (slug-ft"2).

CMG Gimbal Directions
Pitch Gimbal
Yaw Gimbal

CMG Init Momentum Directions
Initially spin vectors are ...
in roll direction back to back

3rd Orthogonal axis

CMG mounting angles

CMG servo bandw (rad/s), damp coeff
CMG Inertia Spin, Gimb, Outp axes
CMG Servo Gains

RW Momentum 150 (ft-Ib-sec)

Max RW Speed 2500*2*pi/60 (rad/sec)
Wheel rotor inertia from 4=lw*Wmax
Max R-Wheel Torque

Initial body rates

Initial Quaternion

Initial CMG Momentum (body)
Initial React-Wheel Momentum
Initial Gimb Rates

Initial Gimb Angles

Initial RW rate

State Integrator Initialization
Oold Sim Initialization

CMG Model Gimbal Acceler/Rate Limits
Max Steering Accel 0.024 (rad/s”"2)
ACS Veloc limits(rad/sec)

Max Torque 300

Max CMG Momentum, Momentum Array

CMG bandwidth (rad/s), damping coeff

Command Direction Unit Vector



Simulation Results

When you combine CMGs and RW momentum exchange devices you have to take into
consideration that the system is not “equally yoked” by design. In this spacecraft the CMGs are
dedicated to control pitch and yaw (which are more important), and the reaction wheel is dedicated
to control roll (where longer conversion times are acceptable). In general the maneuvers are in pitch
and yaw. We don’t command roll. The CMGs, however, do not only produce pitch and yaw torques
but they also produce a roll torque which is a disturbance to the reaction wheel roll control system.
The wheel has to accelerate in order to take the disturbance out, but the wheel has very limited
torque and momentum capability.

The CMG generated roll disturbances are small when the gimbal angles are small. When the
spacecraft performs small angle maneuvers around Nadir the CMG gimbal angles are small and the
induced roll torque is also small, so the RW control system easily compensates against the roll
CMG torques. But when the maneuvers become larger than 40° the RW control system sometimes
has difficulty overcoming the CMG roll torque and the maneuver may fail. Let us remind you that
this is a low budget design, in comparison to the previous 4 SGCMG design, because the spacecraft
pointing requirement is not greater than 40° from Nadir (earth center) direction. The CMG/RW
momentum control system combination will perform better in some maneuvers than others,
depending on how big is the induced roll disturbance by the CMGs. We will present and discuss
simulation results obtained from five separate maneuvers. The roll responses may be a little sloppy
most of the time but overall the pitch and yaw responses are great. The results obtained include
vehicle flexibility as described in the simulation models.
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50 (deg) +Pitch and -Yaw Combination Maneuver: [0 1 -1]

Let us begin with an easy maneuver. Maneuvers in diagonal pitch/ yaw directions perform great
because the induced roll torques from the two SGCMGs cancel each other out. In the absence of roll
disturbances the pitch and yaw CMG control system can perform ideal eigenaxis rotations, as
shown below, for maneuvers which are even greater than 40°. There is some RW activity due to
cross-coupling in roll because the system does not have perfect symmetry. Notice that, although the
gimbal angles reach almost 40 (deg) the CMG gimbal torques are less than 34 (ft-1b) because the
RW momentum is small and it does not create big (o X h) torques against the gimbals.

2 SGCMG & 1 RW with Flex, 60 deg maneuverin [0, 1, -1]
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40 (deg) +Pitch and +Yaw Maneuver indirection : [0, 1, 1]

This one is another well behaved pitch/yaw 40° diagonal maneuver very similar to the previous one.
It performs a perfect eigenaxis rotation with very little coupling in roll. Notice how the pitch/yaw
error drops significantly when the integrators in the PID are turned on and the error continues to
decay further. The roll error decays at a slower pace. Similar to the previous case, the RW rate
reaches only 250 (rpm) and the CMG gimbal torques approx. 30 (ft-1b). The MCS control torque
consists of both: CMG and RW torques. In this case it is mainly due to the CMGs. Notice also that,
the body rates during phase-plane control are equal 1.7 °/sec in both pitch and yaw. The CMG
momentum in pitch and yaw are negative since they are exchanging momentum with the spacecraft.
Their sizes are not equal because the pitch and yaw moments of inertia are different. Notice also

that, the plots should be labeled pitch/yaw instead of yaw.
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CMG Mornent. in body (ft-lb-5)
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40 (deg) Yaw Maneuver

The following maneuver does not look as great as the previous two although it meets the
requirements 100%. The vehicle is commanded to perform a 40° rotation in yaw. It executes the
rotation while it induces a big transient in roll, as shown in the phase-plane. The yaw maneuver
requires a pitch CMG gimbal rate action and an 80 (ft-1b) pitch gimbal torque. The CMG induces a
significant amount of roll disturbance that the RW tries to compensate against it but it saturates due
to its limited torque. This causes a RW torque chattering that couples slightly in the yaw gimbal rate
and the pitch CMG torque.

2 SGCMG & 1 RW with Flex, 40 deg yaw maneuver in [0, 0, 1]
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Attitude Error (deg)
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